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 CHAPTER I 
 
OVERVIEW 
 
Introduction 
Many secondary materials are being considered for use as aggregate substitutes in 
highway construction applications. Such applications may include use in road base, 
shoulders, embankments, landscape materials, and other fill applications.  During use, 
these materials may experience intermittent infiltration as a consequence of precipitation 
events.  Additionally, as a result of exchange with the atmosphere, the materials also will 
be subjected to changing conditions.  Typically, the release of contaminants from these 
materials is estimated by leaching of continuously saturated material, and therefore the 
impacts of intermittent wetting and changing environmental conditions are not 
considered.  Understanding the relationships among testing and interpretation techniques, 
including uncertainties associated with necessary extrapolation, is critical to avoiding 
erroneous or misleading long-term performance assessments. 
Previous research suggests that constituent leaching will be affected by both the 
intermittent nature of infiltration and changing environmental conditions.  However, the 
relationships between these factors and actual leaching have not been well established.  
Test methods are needed to assess the potential impact of changing conditions on long-
term release to evaluate potential environmental impacts.  Finally, given that some of 
these test methods can be prohibitively time consuming, appropriate and reliable leaching 
models based on initial measurement of intrinsic material properties and simplified 
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 testing are needed to predict the release of constituents of concern from secondary 
materials. 
 
Objectives 
The overall goal of this dissertation is to further develop testing and interpretation 
protocols to estimate constituent leaching from granular waste materials that are utilized 
as aggregate in highway construction applications.  These protocols will be used to 
calibrate a model that, given basic pH-solubility information of a secondary material, can 
predict the release of constituents from that material under field utilization conditions. 
The specific objectives of this dissertation are: 
1) Evaluate the relationships between laboratory batch and column leaching tests 
under saturated conditions to column leaching that occurs under unsaturated, 
intermittent flow. 
2) Evaluate the impact of aging by carbonation on constituent leaching from alkaline 
materials. 
3) Recommend a specific approach for laboratory evaluation of leaching from 
secondary granular materials to be used in construction or highway applications 
under conditions of unsaturated, intermittent flow. 
4) Evaluate geochemical speciation modeling using LeachXS to predict the release 
of constituents based on batch testing data from secondary materials. 
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 General Background 
This section reviews previous research in the areas of use of recycled materials in 
construction, general approaches to leaching assessment, accelerated aging of materials, 
equilibrium leaching tests, dynamic leaching tests and geochemical modeling. 
 
Reuse of materials in construction 
 Given the large amounts of secondary materials currently being disposed in 
landfills, several alternatives have been proposed to find different applications for these 
materials, and thus, reduce the material that is being disposed, as well as the cost that this 
represents (Edinçliler et al. 2004).  One of these alternatives is to use the materials in 
highway applications.  This alternative also has an added value, because obtaining soils 
and other construction materials of good quality at reasonable prices has become more 
difficult.  Therefore, reusing materials that are currently being produced in large 
quantities has become more attractive to construction businesses. 
The various secondary materials considered for construction present different 
advantages.  Municipal solid waste (MSW) incinerator residues, like fly and bottom ash 
have been widely studied for reuse (Styron et al. 1993; Lu 1996; IAWG et al. 1997; 
Bruder-Hubscher et al. 2001).  Some types of fly ash have cementitious or binding 
characteristics that allow them to be used for construction purposes (Georgakopoulos et 
al. 2002).  Coal combustion fly ash has been the most widely used secondary material 
since the early 70’s until the late 80’s (Vipulanandan et al. 1998; Edinçliler et al. 2004).  
Scrap tires have also been used in embankment construction; this practice eventually 
encouraged tire shredding into tire chips that have been incinerated for energy recovery, 
 3
 production of crumb rubber for use as binder in pavements and bulk usage such as in 
embankments. 
There has been extensive research regarding MSW incinerator residue (Sawell et 
al. 1988; Sawhney et al. 1991; Styron et al. 1993; Eighmy et al. 1994; Eighmy et al. 
1995; Fällman 1996; IAWG et al. 1997).  MSW bottom ash also has been studied for 
reuse in highway applications.  One study in particular (Bruder-Hubscher et al. 2001) 
tested the release of constituents from a road constructed with a sub-layer of bottom ash 
and compared the results to those obtained from a road constructed with natural gravel 
materials.  The experiment ran for 3 years and analysis of the results showed that minimal 
leaching of pollutants from the bottom ash had occurred.  Furthermore, the amounts of 
leached constituents from the road constructed with bottom ash were not very different 
from the amounts leached from the road constructed with natural materials. 
Other applications include the use of recovered construction and demolition 
debris, scrubber base, fluorogypsum, and other industrial by-products as soil amendment 
or alternative cover at landfills and fill material in roads, embankments and other 
construction projects (Vipulanandan et al. 1998; López Meza et al. 1999; Bruder-
Hubscher et al. 2001; Eighmy et al. 2001; Jang et al. 2001).  However, the beneficial use 
of secondary materials must consider the potential environmental impact that such 
materials can pose to their surrounding environment.  Constituents of potential concern 
present in the materials are subject to leaching, as runoff and water percolating through 
the materials carries these metals and compounds into the ground, and eventually into the 
aquifers or surface streams. 
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 Some primary constituents in secondary materials do not pose the same type of 
environmental risk as other trace pollutants; however, in the case of chloride or sulfate, 
they can impact surrounding vegetation.  These two compounds are of particular 
importance when considering the reuse of the material in construction applications.  
Chloride diffusion into reinforced concrete is also associated with depassivation and 
corrosion of reinforcing steel (Jensen 1999; Griffiths 2002).  Sulfate diffusion into 
cementitious materials leads to decalcification and expansive cracking (Collivignarelli 
2001). 
In an attempt to decrease the leachability of some materials, stabilization / 
solidification (S/S) of the matrices has been considered.  S/S typically involves the 
formation of a solid material (e.g., brick, blocks) using waste as a component along with 
Portland cement or other binders, with the purpose of decreasing the mobility of the 
constituents of potential concern by precipitating them into the solid material (EPA 
1996).  A review of various S/S techniques and tests has been presented elsewhere (Alba 
et al. 2001).  Most of these tests have successfully shown that heavy metals and sulfates 
usually are immobilized within the solidified matrix, whereas chlorides are retained only 
partially due to their higher solubility.  Blast furnace slags and fly ash/lime mixtures, 
which have pozzolanic properties that would aid to solidification, also have been 
considered for S/S of MSW residue (Albino et al. 1996).  Soils contaminated with mining 
residues have been studied for the purpose of stabilizing waste material (Weng et al. 
1994). 
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 General approach to leaching assessment 
 This research is being carried out in the context of an overarching framework for 
evaluation of leaching from wastes and secondary materials for disposal and beneficial 
use decisions (Kosson et al. 2002).  This framework provides a philosophical basis of 
testing materials to determine intrinsic leaching properties and using mass transfer 
models to develop estimates of constituent release through leaching under field scenarios, 
rather than to develop a variety test methods to mimic individual field scenarios.  
Intrinsic properties of a material include availability, constituent partitioning between 
phases, acid neutralization capacity, and mass transfer rate.  The framework also provides 
specific leaching test methods for evaluation of intrinsic leaching properties and a 
hierarchical approach to testing and evaluation that allow for a balance between release 
estimate, amount of testing provided, and the resources required to complete the 
evaluation. 
This framework presents a series of material testing protocols under continuously 
saturated conditions, but there is still a need for understanding release of constituents 
under unsaturated, intermittent conditions.  The research being completed here extends 
this approach to recommend specifications for evaluating materials under consideration 
for use in construction applications under unsaturated, intermittent infiltration conditions. 
 
Aging 
When developing testing methods it is important to consider that environmental 
conditions have a significant effect on the leaching of constituents.  Direct contact with 
the atmosphere, intermittent wetting and reducing conditions in the ground impact the 
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 chemical behavior of constituents, as well as the mineralogy of the material and the 
physical properties of the material (e.g., pore structure).  Primary aging processes include 
oxidation, reduction, and carbonation of alkali materials (Figure 1.1).  Other 
environmental factors that can be considered as aging processes include thawing and 
freezing, percolation/infiltration, and evaporation.  Methods for environmental testing 
used to assess these changes on materials can be separated in two kinds: 1) long-term 
field testing, and 2) artificially accelerated laboratory aging (Gwynne 1996). 
When a material is naturally aged, it is subjected to changes of different 
environmental conditions, such as temperature and relative humidity (Andrade et al. 
1999).  Even though the long-term methods provide accurate results, the testing time 
required can be prohibitive, as the reaction rates for aging processes may be on a 
geological time scale. 
 
 
Figure 1.1.  Environmental factors affecting the aging of a material (Sanchez 2000) 
 
Methods carried out artificially in the laboratory can be run in shorter periods of 
time, but because of interaction with other materials and the inability to duplicate the 
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 randomness of a field scenario, the results should be viewed as a limiting case for field 
data.  General artificial aging techniques found in the literature include thermal aging 
(Wood et al. 2000; Eighmy et al. 2002; Carter et al. 2003), aging under different 
atmospheres (Carter et al. 2003; Polettini et al. 2004), outdoor weathering (River 1994; 
Gwynne 1996), indoor weathering (Gwynne 1996), cyclic loading, for stress-induced 
failure of a material (Eighmy et al. 2002) and freezing-thawing (Eighmy et al. 2002; 
White 2005).  Carbonation is another aging process that has been widely considered, as it 
is the most likely environmental condition that the material will experience while in use 
for highway or construction applications, and is the process that was selected to study in 
this dissertation. 
 
Carbonation 
Carbonation is a relevant process for initially alkaline materials (pH > 9) and is 
one of the most common chemical reactions that an alkaline material will experience 
while in contact with the environment (Garrabrants 2001; Freyssinet et al. 2002).  
Atmospheric carbon dioxide diffuses into the matrix, reacts to produce carbonates, and 
decreases the pH value of the system.  Calcite (CaCO3) is the predominant carbonate 
formed in the carbonation process, and this occurs for most alkaline materials with high 
Ca content (e.g., cement, concrete, fly ash, bottom ash).  Carbonation has been found to 
affect the chemical composition and physical properties of cementitious matrices and 
other secondary materials, thus affecting the release of constituents of potential concern. 
(Macias et al. 1997).  Carbonation occurs through reaction of the alkaline materials 
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 present in a sample with the atmospheric carbon dioxide, according to the following 
overall reaction (Snoeyink et al. 1980): 
 
CO2 + 2 OH-  ↔  H2O + CO32-
 
A detailed review of the steps in the carbonation reaction for cement-based 
materials has been presented elsewhere (Van Gerven 2005).  These reactions involve the 
the transfer of CO2 from the gas into the aqueuous phase, reacting with water to produce 
carbonic acid, and upon the pH of the solution, the eventual dissociation of the carbonic 
acid into carbonate ions (CO32-).  The dissolution of the CO2 in the gas phase into the 
aqueous phase can lead to the precipitation of the carbonate ions with cations in the 
solution, being Ca the most important cation, and leading to the formation of calcite. 
There has been extensive research done focusing on carbonation of concrete 
materials (Dias 2000; Krajci et al. 2000; Garrabrants 2001) and bottom ash (Meima et al. 
2002; Fernández Bertos et al. 2004; Polettini et al. 2004; Van Gerven et al. 2005), finding 
that in most cases, a carbonated matrix exhibits lower release of constituents of concern.  
Depth of carbonation in concrete and its consequences have been widely studied; 
typically finding reductions in sorptivity and increase in concrete degradation rate for 
specimens that had been carbonated by air-drying (Krajci et al. 2000).  Carbonation 
effects also have been studied in lime mortars (Cazalla et al. 2000) and the tests showed 
that non-aged lime had a slower carbonation rate and needed a higher binder-aggregate 
ratio. 
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 Carbonation does not occur as significantly in water-saturated pores, because of 
the poor diffusion of CO2 in the water-filled pores.  Completely dry pores will also slow 
the carbonation reaction, because this reaction is more likely to occur in the liquid phase.  
Therefore, the degree of wetting is very important for the rate of carbonation; partially 
filled pores lead to a faster carbonation because of the higher diffusion rate of carbon 
dioxide in air than in water and the presence of a water film on the solid pore surface (van 
der Sloot et al. 1997; Garrabrants 2001; Van Gerven 2005).  Research suggests that 
changes in relative humidity and temperature induced continuous non-steady state 
conditions in the interior of concrete: temperature being the most influential factor in 
sheltered samples and rain being the most influential in unsheltered samples (Andrade et 
al. 1999). 
Carbonation studies have also included aging for concrete composites (MacVicar 
et al. 1999), where it was found that the induced laboratory testing was able to simulate 
natural aging.  Scrubber residues have also been the focus of carbonation studies, finding 
that lead solubility was reduced when leaching residues had been previously aged (Alba 
et al. 2001). 
Bottom ash has been also widely studied for carbonation effects.  When calcite 
(CaCO3) is formed during bottom ash aging, lead and zinc are trapped by newly formed 
carbonates (Speiser et al. 2000; Freyssinet et al. 2002; Polettini et al. 2004).  These 
studies showed that new mineralogical phases of these metals are formed due to the 
aging.  Carbonation increases the leachability of SO42- and heavy metals such as Zn and 
Cr (Alba et al. 2001).  The effect of carbonation in the “aging” of bottom ash is of 
particular importance, since bottom ash usually has to be stored a few months between 
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 production and reuse in public works (Dugenest et al. 1999); a 12-month study showed 
that aging leads to natural biodegradation of organic matter available in bottom ash, and 
would eventually improve its quality for reuse.  Another bottom ash study analyzed the 
differences in trace metals leachability from bottom ash at different stages of weathering 
(Meima et al. 1999).  The weathering was carried out analyzing samples that had been 
left in contact with the atmosphere for 1.5 to 12 years.  A reduction in leaching of the 
metals was observed as the weathering continued, due to the neutralization of the bottom 
ash and the formation of less soluble species of these elements.  Chapter 5 and 6 of this 
dissertation present more detailed aging and carbonation background for concrete and 
bottom ash, respectively. 
 
Leaching Tests 
Rain and waterways provide a pathway for potential constituents of concern to 
contaminate groundwater.  Leaching tests are a useful tool for estimating the intrinsic 
properties of constituents of concern that leach from a particular material.  Along with 
mathematical modeling, leaching tests estimate the release under field management 
scenarios (Kosson et al. 2002).  Figure 1.2 shows the factors affecting the leaching of 
constituents from a material.  These factors are related to matrix characteristics (e.g., 
mineralogy of material, permeability, acid neutralization capacity), environmental 
conditions (e.g., infiltration rate, leachant composition), and reactions between the 
material and its surrounding environment (e.g., acid or sulfate attack, carbonation) 
(Garrabrants et al. 2005).  Furthermore, it is also important to consider the hydraulic 
regime of the road aplication.  For granular materials that are used in road base and 
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 embankments, it is most likely that solubility, as opposed to advection, will be the 
controlling factor for the release of the constituents (Apul et al. 2003). 
Because the leaching process is very complex, no one single leaching test or 
single set of leaching conditions is appropriate for a wide variety of leach testing 
objectives and applications (Garrabrants et al. 2005).  For this reason, several leaching 
tests have been developed in order to try to evaluate the different leaching parameters and 
conditions being tested. 
 
Chemical Factors
• Equilibrium or 
kinetic control
• Liquid-to-solid ratio
• Potential 
leachability
• pH
• Complexation
• Redox potential
• Sorption
• Biological activity
Physical Factors
• Geometry
• Leachant
flow rate
• Permeability
• Porosity
• Temperature
• Hydrological 
conditions
Erosion
Drying
H2O
Cracking
H+
CO2
O2
Cl-
SO42-
Environmental
Attack
Ca2+
OH-
Soluble salts
Trace elements
DOC
Water,
Acids,
Chelants,
DOC
 
Figure 1.2.  Factors affecting the leaching of constituents from a material  
(Garrabrants et al. 2005). 
 
There are two groups of leaching tests that can be used to study secondary 
materials: equilibrium tests and dynamic tests.  Equilibrium tests are designed to evaluate 
the release of constituents in the limiting case when the material is in chemical 
equilibrium with its surroundings; dynamic tests are designed to evaluate the release of 
constituents as a function of time.  Equilibrium testing offers the advantage of greater 
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 reproducibility and simpler design; dynamic testing provides more realistic simulation of 
leaching processes that occur in field conditions (Jackson et al. 1984; Caldwell et al. 
1990; Kjeldsen et al. 1990; Förstner et al. 1991; Sawhney et al. 1991; Wasay 1992; van 
der Sloot et al. 1996). 
 
Equilibrium Tests 
 Equilibrium tests were developed to study the equilibrium between a solid phase 
and a leachant solution.  There are several approaches to equilibrium tests, including: 
single batch extractions with and without pH control, single batch extractions with some 
form of complexation by organic constituents, and single batch extractions at low LS 
ratios (van der Sloot et al. 1997).  As a general rule for equilibrium tests, the material is 
in contact with the leaching solution and the variables include: contact time, agitation 
rate, pH of the leachant solution, and LS ratio.  Equilibrium leaching tests have been 
discussed extensively elsewhere (Garrabrants et al. 2005).  In this dissertation, the term 
“batch test” refers to equilibrium testing. 
 
Dynamic Tests 
Dynamic tests include multiple or serial batch test, and percolation and flow 
through (i.e., column) tests.  While serial batch testing can provide leaching information 
of heavy metals for a given material, it is not possible to rely on serial batch testing for 
predicting the movement of these metals through the ground.  In order to predict and 
model the behavior of the metals in the ground (i.e., under the highway layers), it is 
necessary to have a testing method that can practically and adequately simulate the soil 
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 conditions, including the soil and leachate interactions.  Column tests typically consist of 
a leachant (e.g., deionized water, acidified water) percolating through a column packed 
with the material of study.  A detailed review of column tests is given in Chapter 3. 
Column leaching tests provide a better way of evaluating the soil sorption 
performance and the effects of partial soil saturation (Jang et al. 1998; Anderson et al. 
2000).  Column tests give an indication of the time-dependent leaching behavior, and can 
be useful to quantify the retention in the matrix of the element of interest (i.e., heavy 
metals) relative to the inert constituents of the matrix. 
Another approach for percolation studies has been with lysimeters.  Lysimeter 
leaching experiments are large-scale column leaching test where the column has an open 
surface.  The column or container has a drainage system at the bottom, to collect the 
leachate (Hansen et al. 2000).  Lysimeters are usually carried out under field conditions 
and with higher quantities of material and for longer periods of time (typical duration of 
lysimeter studies is one to several years), in order to better estimate the behavior of the 
material in the ground.  An important characteristic of lysimeters is that they are open to 
the atmosphere, so the balance of rainfall and evaporation provides natural infiltration as 
the leaching solution.  These experiments are mostly used for studies of the fate and 
movement of water, pesticides, salts, trace elements and heavy metals in the soil (Hansen 
et al. 2000).  Other lysimeter studies have been conducted for bottom ash (Stegemann 
1995; Bruder-Hubscher et al. 2001).  Lysimeters are an important link between laboratory 
leaching tests and leaching behavior under field conditions.  No lysimeter testing has 
been standardized to date. 
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 Geochemical speciation modeling 
In order to predict the release of constituents of potential concern (CPC) from 
secondary materials appropriately, it is necessary to understand the factors controlling the 
release of these constituents.  Many processes affect the movement and distribution of 
CPCs, including but not limited to: chemical reactions, transport, biological processes, 
fluid flow, and heat transport (Zhu et al. 2002).  Depending on the area of interest, it is 
important that geochemical speciation models include the most important of these factors.  
For leaching assessment, chemical reactions, transport, and fluid flow are relevant. 
Geochemical speciation models can be categorized depending on their 
characteristics.  Speciation-solubilization models describe, given the initial concentration 
of constituents in the system, the concentrations and activities of species in an aqueous 
solution, the saturation states of the minerals present in the system, and the stable species 
of these minerals that are at equilibrium with the aqueous solution.  Reaction path models 
simulate processes where there is a mass transfer of constituents between the various 
phases of a system.  These types of models are based on mass balance and 
thermodynamic equilibrium principles.  Coupled mass transport models include models 
where two sets of processes, chemical and physical, affecting the speciation and transport 
of constituents are solved together.  These processes include partitioning of constituents, 
chemical reactions, heat transport, and fluid flow. 
 The model used in this dissertation is LeachXS (van der Sloot et al. 2003).  The 
capabilities of this program include chemical equilibrium and transport modeling through 
the ORCHESTRA modeling environment (Meeussen 2003).  The materials database of 
this system consists of results from a variety of batch and column leaching tests that have 
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 been performed in a wide range of different materials, including soil, waste and 
construction materials.  Although the characteristics obtained from each test might differ, 
they all provide the database with concentration of constituents as a function of pH and/or 
LS ratio as a minimum.  With this information, these results are interpreted by the expert 
system to predict the long-term behavior of the materials in different applications (Figure 
1.3).  A detail review of geochemical speciation modeling, as well as a background for 
LeachXS and ORCHESTRA, is presented in Chapter 2. 
 
 
Figure 1.3.  LeachXS. 
 
Research Approach 
The approach to satisfy the objectives in this dissertation was to obtain different 
materials that have been considered for use in highway applications and evaluate their 
leaching characteristics.  The materials used were Municipal Solid Waste Incinerator 
Bottom Ash (BA), Aluminum Recycling Residue (ARR), Laboratory Formulated 
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 Concrete (LFC), Coal Fly Ash (CFA), and Construction Debris (CD).  These particular 
materials were chosen because of their availability in the Nashville area (BA, CD, ARR), 
their significance to other studies previously performed (LFC), and their relevance to 
other studies currently being carried out (CFA). 
These materials were tested under different environmental conditions, including 
material “as received” or non-aged (ARR, CFA, and CD), and material aged under 
accelerated conditions in a carbonated atmosphere (BA and LFC).  All materials were 
also tested under batch and column testing, including solubility and release as a function 
of pH and LS ratio for the batch testing, and continuously saturated and intermittent 
unsaturated column flow conditions (Table 1.1). 
 
Table 1.1.  Experimental design. 
Column testing 
Material Batch testing (pH, LS ratio) IC SC 
Bottom ash 
Non-aged (D) 
Carbonated (D) 
N2-aged (D) 
Air-aged (D) 
Non-aged (D) 
Carbonated (D) 
N2-aged (D) 
Air-aged (D) 
Non-aged (D) 
Carbonated (D) 
N2-aged (D) 
Air-aged (D) 
Aluminum recycling residue Non-aged (D) Non-aged (D) Non-aged (D) 
Laboratory formulated 
concrete 
Non-aged (D) 
Carbonated (D) 
Non-aged (D) 
Non-aged, 4-4 
Non-aged (D) 
Carbonated 
Coal fly ash 
Completed by   US-
EPA 
CFA # 1, CFA #2 
CFA # 1 
CFA # 2 
CFA # 1 
CFA # 2 
Construction debris Non-aged (D) Non-aged Non-aged, 4-4 Non-aged (D) 
Notes: 
 IC-Intermittent unsaturated columns D-Duplicates 
 SC-Continuously saturated columns 4-4, Intermittent unsaturated columns, 4 days on, 4 days off 
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 The results from this experimental work provide a better understanding of 
material behavior and are used to evaluate the types of tests necessary for material 
characterization.  These results also will provide a reliable foundation for calibrating a 
geochemical speciation “leaching” model.  The input for the leaching model will be the 
data obtained from batch testing.  The ability of the model to predict long-term release of 
constituents from a secondary material will be evaluated by comparing simulation results 
and results obtained from column testing.  This comparison is possible under the 
assumption that column leaching tests are at local equilibrium, and this equilibrium 
condition can be compared to the batch equilibrium tests. 
It is not the purpose of this dissertation to thoroughly review each material 
presented and study its constituent release mechanisms.  Instead, the purpose is to fulfill 
the objectives of this dissertation by testing the materials via batch and column leaching 
tests and characterizing their leaching properties to test the hypothesis presented in this 
research: that batch testing can be used as the basis to provide a reasonable estimate of 
constituent leaching under intermittent percolation conditions. 
 
Dissertation Structure 
 This dissertation is organized as different manuscripts.  Some chapters are to be 
submitted as manuscripts to peer-reviewed journals.  For this reason, there might be 
repetitive explanations in some chapters, especially when describing background and 
methodologies.  When possible, repeating explanations was avoided by referencing a 
previous chapter. 
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 Chapter 2 explains the modeling methodology used in this research, including a 
theoretical background of an empirical calculation of solubility-controlling minerals, as 
well as the theory behind the simulation software LeachXS, its capabilities and 
uncertainties. 
Chapter 3 presents an in-depth analysis of column leaching tests, focusing on the 
effects of unsaturated intermittent wetting testing versus saturated continuous flow 
experiments in the release of constituents from Construction Debris. 
Chapter 4 compares the release of constituents from two different types of Coal 
Fly Ash and Aluminum Recycling Residue when tested via column testing under both 
intermittent unsaturated and continuously saturated flow conditions (as explained in 
Chapter 2) to the release that occurs under batch testing as a function of LS ratio and pH.    
It also presents preliminary simulation and speciation results for Aluminum Recycling 
Residue from batch data.  Both Chapters 3 and 4 focus on materials that have been tested 
“as received” or have been naturally exposed to weathering conditions. 
Chapter 5 introduces the effect of accelerated aging conditions and presents how 
carbonation affects the leaching of constituents released from “non-aged” and carbonated 
Laboratory Formulated Concrete when tested under batch and both intermittent 
unsaturated and continuously saturated column tests.  It also presents simulation and 
geochemical speciation results from batch data. 
Chapter 6 explores the effects of different types of accelerated aging under 3 
different atmospheres (Air, N2, CO2-N2) on the release of constituents from Bottom Ash 
under batch and column testing conditions, as well as simulation and geochemical 
speciation results from batch data. 
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 Chapter 7 presents a set of overall dissertation conclusions, significance of the 
research presented, and recommendations for future research. 
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 CHAPTER II 
 
ESTIMATION OF FIELD BEHAVIOR  
BASED ON LABORATORY BATCH DATA 
 
Abstract 
 The use of recycled materials in different construction applications is a 
widespread approach that can save both resources for use in other applications and 
landfill space for other materials that do not have the potential for reuse.  However, when 
these materials are first obtained, little is known about their particular leaching 
characteristics and the potential leaching of constituents to the surrounding environment.  
Usually, these characteristics are obtained from leaching tests, with individual testing 
regimes having a range of requirements.  Several chemical equilibrium speciation models 
have been developed to evaluate the characteristics of these materials from short leaching 
tests and predict the chemical transformations that the materials and their leachates will 
undergo when in use.  This speciation modeling approach describes the mineralogy of the 
material and serves as the basis for estimating long-term behavior.  This chapter presents 
the modeling methodology used in this research, including background on empirical 
calculation of equilibrium solubility from conductivity and ionic strength correlations.  
Equilibrium solubilities are used to calculate the saturation index of various minerals in 
the leachate.  It also presents background and discussion of the simulation software 
LeachXS, which was used in this research, as well as its capabilities and uncertainties. 
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 Introduction 
 When considering the use of waste materials for construction or highway 
applications, it is important to know whether these materials have constituents that might 
be of potential concern when exposed to the environment.  In order to predict the release 
of constituents of potential concern (CPC) from secondary materials in an accurate way, 
it is necessary to understand the factors controlling the release of these constituents.  
Many processes (e.g., chemical reactions, transport, biological processes, heat transport, 
fluid flow) affect the movement and distribution of CPCs (Zhu et al. 2002).  Depending 
on the desired use for the material and the characteristics of the environment surrounding 
it, a given process may have a greater effect on the release of CPCs than another process.  
Although there are many experimental protocols that cover various conditions of possible 
use for a material, including different pH, flow or temperature conditions, it would be a 
constraint, in terms of budget and time, to run all these tests in the laboratory before 
making a decision about the use of the material.  For this reason, it is important to have 
accurate geochemical models that have the capability to simulate what would most likely 
happen in the field. 
Depending on their characteristics, geochemical speciation models can be 
categorized as speciation-solubilization, reaction path, or coupled-mass transfer models 
(Zhu et al. 2002).  Based on initial concentrations of constituents in the system, 
speciation-solubilization models describe the concentrations and activities of species in 
an aqueous solution and the saturation states of the minerals that could potentially be in 
the system.  Reaction path models simulate processes where there is a mass transfer of 
constituents between the various phases of a system.  These types of models are based on 
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 mass balance and thermodynamic equilibrium principles.  Coupled mass transport models 
include models where two sets of processes (i.e., chemical reactions, transport, fluid 
flow) affecting the speciation and transport of constituents are solved together. 
 There are various commercial geochemical speciation computer-modeling 
programs available.  Currently, MINTEQA2 (Allison et al. 1991), PHREEQC (Parkhurst 
et al. 1999), and The Geochemist’s Workbench (Bethke 2002) are among the most 
widely used programs.  MINTEQA2 is capable of calculating equilibria between 
dissolved, adsorbed, solid, and gas phases in a system.  The necessary data to predict 
equilibrium composition includes total concentrations of constituents of interest, as well 
as pH, pe, and partial pressures for the gases present in the system.  PHREEQC is capable 
of speciation and saturation-index calculations, batch reaction and 1D transport 
calculations involving reversible reactions and irreversible reactions, and inverse 
modeling.  Reversible reactions include aqueous, mineral, gas, solid solution, surface-
complexation, and ion-exchange equilibria.  Irreversible reactions include specified mole 
transfers of reactants, reactions controlled kinetically, solution mixing, and effects of 
temperature.  PHREEQC uses the Davies equation or an extended form of the Debye-
Hückel equation depending on the ionic strength of the species.  The main difference 
between these two programs is PHREEQC’s ability to include reaction path modeling.  
Both programs include an extensive database of thermodynamic data.  The Geochemist’s 
Workbench has similar capabilities to both PHREEQC and ORCHESTRA, but in 
addition, its Act2 package provides predominance and stability diagrams that show the 
dominant species and mineral phases that are stable in a given region. 
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  There are also several programs that have been developed for specific academic 
research purposes.  These programs have been constructed from an entirely original code, 
or based on an existing computer program, such as MINTEQA2.  To mention a few, 
SOLTEQ (Park et al. 1999) and SBLEM (Park et al. 2002) have been tested extensively 
for predicting release of constituents from stabilized/solidified wastes.  Of these two 
models, SBLEM is of relative importance because it has the ability to predict the release 
of constituents based on the pH-solubility data, thus replacing longer experimental 
leaching tests.  
ORCHESTRA (Meeussen 2003) is a Java-based program that can create 
geochemical models including adsorption and surface complexation models.  One of the 
differences between ORCHESTRA and other models, such as PHREEQC, is that 
ORCHESTRA lacks built-in model equations and a database.  This results in a model 
where the source of equations and definitions is more easily accessible to users.  This 
model has been used to predict leaching of constituents from soils at various pH values, 
obtaining generally good predictions for the behavior of constituents, except for higher 
alkaline pH values, where the model failed to accurately describe the release of 
constituents (Dijkstra et al. 2004).  The ability of this model to predict chemical 
speciation has been compared to that obtained from PHREEQC and the Geochemist’s 
Workbench, obtaining very similar results (Kinniburgh et al. 2005). 
 The model used in this research is LeachXS (van der Sloot et al. 2003; van der 
Sloot et al. 2006).  The capabilities of this program include chemical equilibrium 
(ORCHESTRA based) and transport modeling based on pH-solubility batch data.  
LeachXS also includes organic matter interaction with the matrix, which has not been 
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 considered by other geochemical speciation models.  The long-term prediction is done by 
using advective data obtained from column testing under the assumption that the columns 
are at a state of local equilibrium.  The purpose of this chapter is to provide a summary of 
LeachXS as applied in the research presented in this dissertation.  This model is used in 
Chapters 4, 5 and 6 for predicting the solubility of the constituents present in the 
materials studied in those specific chapters. 
 
Modeling 
 
Model-based extrapolation of batch tests to long-term release 
 Based on batch and/or column experiments approximating local equilibrium, it is 
possible to have an estimate of the release of constituents from a granular material in the 
long term.  When trying to predict the long-term release of CPCs from a granular 
material, it is imperative to understand the factors that are controlling that release.  Batch 
leaching tests provide important information to understand the leaching behavior that 
would occur under different pH conditions (solubility and release as a function of pH, 
where the pH ranges from 2 to 12), and at different scenario applications, such as 
embankments with low LS ratios (LS < 1 mL/g), and road base applications with high LS 
ratios (solubility and release as a function of LS ratio, where the LS ratio ranges from 0.1 
to 10 mL/g).  Batch testing at very low LS ratios (i.e., LS< 0.5) can be difficult, and if the 
desired application requires a low LS ratio, then it is also important to consider running a 
column test where the leaching behavior at lower LS ratios can be easily studied. 
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 Empirical 
 It is reasonable to assume that batch experiments overestimate the release of 
CPCs from the field utilization, as the batch experiment allows for the material and 
leachant to come to equilibrium.  In the batch experiments conducted as a function of pH, 
the possible changes in the solubility of the species due to pH changes can be estimated, 
as is the case for the batch experiments as a function of LS ratio (Methods - Chapter 3).  
LS ratio can also be used as a measure of time, so based on batch experiments a 
cumulative release could be predicted over time.  When time needed to characterize 
material behavior is not a constraint, column experiments provide a more realistic 
approach of release in flow-through conditions, similar to the conditions that the material 
would be subjected to when in use, allowing for the depletion of controlling phases.  The 
release of constituents is plotted against LS ratio (or time) and an extrapolation could be 
made for longer periods of time.  However, none of these experiments would show in an 
obvious way which minerals and liquid-solid partitioning processes are actually 
controlling the concentrations of CPCs in the fluid, i.e., the leach rates. 
Once the available field liquid samples or experimental leachates have been 
analyzed, the steps to predict which species will be controlling the solubility of the 
species are relatively straightforward.  The activities of the dissolved species in solution 
are calculated based on the molar concentration of the species and the ionic strength of 
the solution.  Once activities are calculated, they are used to compute the saturation index 
of all the possible minerals present in the system.  The saturation index calculation can 
also consider other phenomena, such as liquid-phase complexation (e.g., by dissolved 
organic carbon), and adsorption processes (e.g., on iron surfaces).  The saturation index is 
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 important because it measures the saturation state of the mineral in the system: 
supersaturated, undersaturated or at equilibrium.  Further study and geochemistry 
knowledge and expertise are needed to choose the relevant minerals based on their 
saturation index, as not all the ones that are saturated or supersaturated are actually 
present in the original material or even possible in a regular environment. 
When concentrations of every particular species in a sample are available, the 
ionic strength of the solution is calculated using Equation 2.1. 
 
2
2
1
ii zmI ∑=     (2.1) 
 
where m is the molar concentration (mol/L) and z is the charge of the ion/element 
entered.  However, because it is not always possible to have a full analysis of all the ionic 
species present in the leachate, it is necessary to have an estimate of ionic strength based 
on the measured conductivity of the samples.  Two correlations were found between ionic 
strength (I) and conductivity and are shown in Equation 2.2 (Marion et al. 1976) and 
Equation 2.3 (Russell 1976): 
 
log Ι = -1.841 + log EC   (2.2) 
Ι = 1.6 x 10-5 x specific conductance   (2.3) 
 
where Ι  is the ionic strength, specific conductance (µmho/cm) is the same as 
conductivity for this particular case, as µmho/cm = µS/cm, and EC (mS/cm) stands for 
electrical conductivity.  These correlations were derived from waters with a wide 
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 composition range.  Both correlations were compared and the results were very similar as 
can be observed in Figure 2.1. 
 
0
1
2
3
4
0 50 100 150 200
Conductivity (mS/cm)
Io
ni
c 
st
re
ng
th
 (m
ol
/L
)
Marion et.al. 1976
Russell 1976
 
Figure 2.1.  Comparison of ionic strength-conductivity correlations. 
 
Activity of the ions is calculated using one of the I-conductivity correlations 
presented previously (Equations 2.1, 2.2 and 2.3) to calculate I  based on conductivity 
measured from the sample.  Depending on the ionic strength of the solution, an activity-
coefficient model is selected.  The extended Debye -Hückel equation (Equation 2.4) is a 
suitable model for solutions with low ionic strength (0-0.1 mol/L): 
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The Davies equation (Equation 2.5) is an empirical correlation that can be used for low 
ionic strengths (0.1-0.5 mol/L) 
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The Truesdell-Jones model (Equation 2.6) can be used for higher ionic strength solutions 
(0-2 mol/L): 
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where γi is the activity coefficient, zi is the charge of the ion, and A and B are constants 
depending on temperature and pressure.  For the Debye-Hückel model, ai is the hydrated 
radius of a particular ion (Kielland 1937); for the Truesdell-Jones model, ai and b are 
determined from experimental data (Truesdell et al. 1974; Parkhurst 1990).  This activity 
coefficient is used later to calculate the activity for each ion, according to Equation 2.7: 
 
ii mγα =     (2.7) 
 
where α is the activity of the ion. 
The activity is an important factor in the calculation of the saturation index (SI), 
which determines the saturation conditions of a solution with respect to a particular 
mineral.  A value of 0 for SI implies that the solution is in equilibrium with a particular 
mineral according to Equation 2.8: 
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 Ksp
IAPSI log=     (2.8) 
 
where IAP is the ion activity product and Ksp is the solubility product constant.  A 
positive value means that the solution is oversaturated with respect to that mineral; a 
negative value shows undersaturation. 
 
LeachXS 
 LeachXS is a database system that has been developed for the characterization of 
a broad range of material types, leaching evaluations, and field release conditions (van 
der Sloot et al. 2003). 
 
 
Figure 2.2.  LeachXS. 
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 Figure 2.2 shows how the expert system works.  The system allows for user input, 
and test results and parameters entering separately into three databases: a materials 
leaching database, a database that considers the different scenarios for use, and a 
regulatory database.  The information contained in these databases is used by LeachXS.  
Similarly, ORCHESTRA uses the thermodynamic database from MINTEQA2 3.11 
(Allison et al. 1991) to support its chemical equilibrium capabilities.  LeachXS and 
ORCHESTRA operate together to then obtain the prediction results in a user-friendly 
graphical interface, consisting of spreadsheets that can be use as basis for reporting 
prediction results, and these results can also be used as input parameters for other type of 
modeling. 
To calculate the ionic strength of a solution, ORCHESTRA uses the Davies 
equation (Equation 2.4).  The calculations in ORCHESTRA are done in 4 stages:  1) 
calculation of activities of all chemical entities, 2) calculation of concentrations of all 
chemical entities using the activities previously calculated and ion activity correction 
models, 3) calculation of cumulative mass balances of chemical entities for each system 
phase, using concentrations calculated in stage2, and 4) calculation of cumulative mass 
balances for all phases.  In addition, ORCHESTRA implements other models for 
adsorption of ions to organic and oxide surfaces, including the NICA-Donnan model for 
metal-ion binding to humic substances (Benedetti et al. 1995; Kinniburgh et al. 1996; 
Kinniburgh et al. 1999; Milne et al. 2003).  This model includes the non-ideal 
competitive adsorption (NICA) isotherm description of the binding of a heterogeneous 
material, coupled with a Donna electrostatic sub-model that describes the electrostatic 
interactions between the ions and the humic materials.  This is useful in ORCHESTRA to 
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 calculate the fractions of the species that are bound to dissolved organic carbon (DOC) 
and soil humic acid (SHA) or particulate organic matter (POM).  The two-layer model 
(Dzomback et al. 1990) is used for specific binding of metal cations and (oxy)anions to 
hydrous ferric oxide (HFO) and hydrous aluminum oxide (Dijkstra et al. 2004).  HFO is 
used as a surrogate sorbant in the system, and this approach has been justified by other 
research (Meima et al. 1998). 
The information needed by ORCHESTRA to calculate saturation indices of 
potentially solubility controlling minerals includes total solution concentrations and DOC 
measurements.  For the solubility prediction of metals, via adsorption models mentioned 
in the previous parragraph, ORCHESTRA also needs information about concentrations of 
different reactive surfaces in the solid and the solution (i.e., SHA, DOC, HFO, clay), the 
available concentrations of species at low pH ranges, the pH of system, and total solution 
concentrations (Dijkstra et al. 2004). 
 
 Methodology 
The scope of this project is mainly for leaching characterization of materials, so 
the focus of this methodology is primarily to the materials leaching database of LeachXS.  
The materials leaching database consists of results from a variety of batch and column 
leaching tests that have been performed in a wide range of different materials, including 
soil, waste and construction materials.  Although the characteristics obtained from each 
test might differ, they all provide the database with concentration of constituents as a 
function of pH and/or LS ratio as a minimum.  With this information, these results are 
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 interpreted by the expert system to predict the long-term behavior of the materials in 
different applications. 
 For each material, a dataset is composed in Excel including the type of leaching 
test (e.g., batch and percolation/column tests), constituent concentration, pH, 
conductivity, and LS ratio values.  Acid or base added for batch experiments is also 
included.  This basic spreadsheet is converted to an extended spreadsheet that is 
standardized for the LeachXS database.  This dataset is then added to the LeachXS 
database.  LeachXS is composed of several wizards for different modeling purposes: each 
of these wizards provides significant results that can be exported into Excel for easy data 
handling. 
The first wizard is used for comparing constituent results from different materials 
tested under the same type of leaching tests.  This wizard is useful to compare the 
leaching behavior of materials based on release of constituents.  For example, when a 
material is considered for use and a similar material has been previously tested, this 
wizard might provide information that allows for decision-making regarding the use of 
the new material without extensive testing. 
The second wizard is for comparison of acid neutralization capacities (ANCs) of 
different materials.  The ANC of a material describes the ability of a solution in 
equilibrium with the material to resist changes in pH when acid or base is added 
(Garrabrants et al. 2005).  This wizard is useful when comparing ANCs of different type 
of materials.  Figure 2.2 shows a comparison of ANCs from aged and non-aged bottom 
ash. 
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Figure 2.3.  ANC comparison from LeachXS. 
 
 The third wizard is for long-term leaching behavior calculations.  This wizard 
converts test time to LS ratio, including factors such as infiltration rate and density of the 
material. 
The fourth wizard is for chemical reactions and transport, and it is divided into 
chemical speciation of the fluid sample and prediction of the fluid composition, including 
solubility controlling minerals, based on the chemical speciation results. 
For the chemical speciation, the first step is to select a material (material tested 
under pH-dependent conditions, percolation conditions, or both).  The chemical 
speciation is based on the saturation index (SI) of the potential constituents and minerals 
present in the solid pre-leached material.  The main constituents are chosen based on 
XRF and/or NAA analyses; minerals are identified by XRD and/or SEM analyses.  The 
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 SIs are calculated using ORCHESTRA and thermodynamic values from the MINTEQA2 
3.11 database.  Figure 2.4 shows the stage of the modeling program at which SI are 
chosen.  The darker SIs are the ones closer to 0 (–1.5 to 1.5), which are the possible 
solubility controlling minerals based on measured elements. 
 
 
Figure 2.4.  Saturation index table in LeachXS 
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Figure 2.5.  Aqueuous concentration diagram in LeachXS. 
 
 The model calculates the chemical speciation based on data generated by the pH-
dependence test and LS dependence test.  Figure 2.5 shows the aqueous concentration 
diagram obtained from the chemical speciation on LeachXS; this diagram shows the 
different minerals that are controlling the solubility of the constituent at different pH 
values. 
 The information obtained from the “chemical speciation” part of the wizard is 
used to calculate the solubility data for the particular constituent.  For this calculation, the 
wizard gives the option of adjusting other parameters, including availabilities of all the 
constituents present in the sample, HFO (hydrated ferric oxide), SHA (soil humic acid), 
and DOC (dissolved organic carbon).  After obtaining the predicted aqueous 
concentration data from LeachXS, these data are compared to the actual concentration of 
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 the constituent (as measured by ICP-MS or IC) at each pH step by means of a 
“discrepancy” comparison, or residual (Equation 2.9). 
 
⎟⎠
⎞⎜⎝
⎛=
Actual
PredictedResidual log    (2.9) 
 
To clarify, this is not a residual from a fitting process, given that actual model 
characteristics do not allow a change of parameters other than choosing the potential 
phase-controlling minerals.  The predicted value is the aqueous concentration based on 
the controlling mineral and other processes as predicted by the LeachXS.  The actual 
concentration is the measured concentration of the ion in solution from laboratory testing.  
A residual of 0 means the predicted and actual values were the same, a residual of ±1 
means they were different by 1 order of magnitude.  A negative value implies that the 
actual value is less than the predicted value; a positive value means the actual value is 
higher than the predicted value.  These residuals were plotted as a function of pH for 
batch experiments, and as a function of LS ratio for column experiments.  For example, 
Figure 2.5 shows the measured and predicted concentration of Ca in a given material, and 
it also shows the discrepancies between the predicted and measured values. 
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Figure 2.6.  Residual plot example. 
 
 The purpose of the residual plots is to have a better graphic idea of the 
discrepancies between the actual data and the predicted data, including any patterns in 
these discrepancies.  It is desired for the discrepancies to not follow a trend, as well as for 
the values to be as close to zero as possible, which would mean that the actual and 
predicted values are the same. 
 
Uncertainties 
 The uncertainties or discrepancies found in using this software in development, as 
shown by the residual plots, are due to the lack of complete data for modeling purposes.  
For example, Si and CO3 were not analyzed for the leachate samples in this project, even 
though they are the main components of some of the materials (i.e., LFC, CD, BA), 
because of the lack of available analysis methodologies.  Therefore, the concentrations of 
these components are not present in the database that LeachXS uses to calculate the 
chemical speciation of those particular materials.  The problem becomes evident when 
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 trying to draw conclusions from the modeling data, given that no minerals containing 
silica or carbonate can be controlling minerals, and as a result, the controlling minerals 
are readily soluble minerals, such as sulfates.  These results emphasize the need for as 
complete aqueous phase analysis as practical. 
In some cases it might be feasible to compare the results from the material of 
interest to a similar material that has a more complete dataset and see the discrepancies, if 
any, between both sets of results.  This was done for BA and LFC (Chapters 5 and 6); 
data (e.g., Si and CO3 data) measured from other similar materials present in the database 
were used to do extra simulations and observe the change in the saturation indices of the 
minerals.  Si concentrations were found for a range of pH values, whereas CO3 
concentrations were only found for measured reactants in the original solid material, but 
not for the material in solution.  This assumption allowed analysis if the lack of data was 
resulting in very different simulation results or if it could be assumed that the lack of data 
did not have a significant effect on the solubility predictions. 
Another reason why the lack of complete data might be a problem is in the way 
the software calculates ionic strength.  Ionic strength is calculated in LeachXS using 
Equation 2.1, considering the concentrations of every ion/element entered in the 
LeachXS database, and not the actual conductivity measured in the sample (Equation 2.2 
and 2.3).  This might represent a problem when the concentrations of other ions (e.g., 
NO3, PO4, CO3) are not entered in the database, especially in the cases where some of 
these ions might have a significant presence in solution. 
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 Conclusions 
 Using waste and other types of secondary materials in construction applications 
can save both resources and landfill space that could be used for materials that do not 
have another usage application.  However, it is imperative to consider the long-term 
behavior of these waste materials, as they might have constituents of potential concern 
that could potentially leach out of the material and contaminate other resources.  A model 
that has the ability to quickly predict the long-term behavior based on short-term testing 
of a material is a very powerful tool.  Chemical equilibrium models have the advantage of 
a vast thermodynamic database that can predict what minerals could be controlling the 
solubility of a given material when leaching from this material occurs.  LeachXS can be a 
powerful tool to assist in the long-term behavior and solubility prediction of a wide range 
of materials.  It provides a graphical, user-friendly interface to compare data from 
different materials and different test types, to consider external influences that might 
affect the conversion of a time-based batch test to a long-time field prediction, and to 
couple geochemical speciation modeling to transport modeling.  Its database can provide 
data for materials that have been tested extensively, as well as for materials for which 
limited data are available.  This is important when considering use of a material that has 
not been previously tested or for which data are not complete, as is the case for the 
materials studied in Chapters 4, 5 and 6. 
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 CHAPTER III 
 
THE EFFECTS OF INTERMITTENT UNSATURATED WETTING  
ON THE RELEASE OF CONSTITUENTS FROM  
CONSTRUCTION DEMOLITION DEBRIS 
 
Abstract 
 When used in highway applications, granular materials are submitted to changing 
environmental conditions.  While column testing can provide a closer approximation to 
field percolation conditions than batch testing, it is still important to develop a column 
testing procedure that considers realistic conditions.  Current column studies are 
conducted under continuously saturated conditions, without considering unsaturated 
intermittent flow conditions that exist in the field in response to precipitation events.  
This study evaluates the effect of different types of column flow on the release of 
constituents from a granular material.  Two different types of intermittent unsaturated 
flow were studied and compared to continuously saturated flow.  Leaching data, 
including pH, conductivity and constituent release was compared from the three columns.  
Results showed that there is no difference between the two types of intermittent 
unsaturated flow, nor is there a significant difference between these two flows and 
continuously saturated flow, other than higher initial concentrations of salts in 
intermittent unsaturated flow column testing at low LS ratios.  However, this difference is 
not significant after a LS ratio of 2 mL/g.  Release of constituents was similar in all three 
cases.  Also, all three cases show that after a LS ratio of 5 mL/kg there is no significant 
change in the pH, conductivity or release of constituents. 
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 Introduction 
 The beneficial use of secondary materials must consider the potential 
environmental impact that such materials can pose to the surrounding environment.  
Constituents of potential concern present in the materials are subject to leaching, as 
runoff and water percolating through the materials carries these metals and compounds 
into the ground, and eventually into the aquifers or surface streams.  In order to better 
understand the impact of intermittent flow field conditions on a laboratory scale, different 
types of column leaching tests were evaluated. 
A variety of column leaching tests have been reported.  Column leaching tests 
have been used to study the washing and clean-up of soils and materials in order to obtain 
a product that can be suitable for use without representing an environmental risk; the 
materials that have been considered under this approach have been MSW bottom ash 
(Sawhney et al. 1991; Modi et al. 1994; Stegemann 1995), contaminated soils (Futch et 
al. 1999; Sun 2001), quartz sands (Ubaldini 1996), and ores (Hanson et al. 1993; Vegliò 
2001).  Different approaches for column testing have involved vertical (van der Sloot et 
al. 1997; Huang et al. 1998; Jang et al. 1998; O'Grodnick et al. 1998; Jang et al. 2001; 
Georgakopoulos et al. 2002) and horizontal (Elzahabi 2001) column designs. 
The dimensions of the columns have been very different for all the various tests.  
Inner diameters have ranged from 2 to 33 cm, while length has varied from 10 cm to 1.9 
m.  Typically, length has been approximately four times the inner diameter.  Columns 
have been constructed out of acrylic, PVC or some other inert material; however, some 
columns have been constructed with glass (Vegliò 2001) and stainless steel (Jang et al. 
2001).  Some columns had a silicone sealer bead or ridge on the sides to stop water 
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 movement down the side of the pipe and to prevent “edge flow” or “boundary flow” 
conditions along the material-wall interface (Futch et al. 1999). 
Flow rates for the column studies performed have varied from 2 mL/h to 6000 
mL/h.  The solution passing through the columns, or leachant, has usually been deionized 
water, although there have been experiments using a low pH solution (Wasay 1992), a 
simulated rain solution (Stewart et al. 1997), EDTA (Sun 2001), different concentrations 
of an oxalic acid solution (Ubaldini 1996), a solution with sulfuric acid and glucose 
(Vegliò 2001) and tap water (Hanson et al. 1993).  Tests have been performed doing 
extractions with several leachants, such as HNO3, H2O2, NaOAc, DTPA, H2CO3, and 
H2O.  Each leachant extracted different metals.  However, the ash samples were taken 
from different locations and at different aging stages, and therefore, it presented a 
different chemistry.  Therefore, it was not possible to conclude if there was one leachant 
that was better than the rest of them (Sawhney et al. 1991). 
The flow through the columns has varied between up-flow and down-flow.  Most 
of the column studies have been under saturated conditions, and to accomplish this, up 
flow is usually required to maintain a constant saturated environment.  Duration of the 
column experiments previously mentioned ranged from 48 hrs to 7 yrs.  The duration of 
test is usually selected so it can represent a period of time when the material would 
become stable.  Another way of determining the duration of the test has been by 
cumulative LS ratio or pore volume flowing through the column combined with the flow 
rate.  Column tests are usually carried out from ½ pore volume to 10 pore volumes.  In 
some studies, the columns were not leached for specific periods of time to simulate 
drought conditions (Stewart et al. 1997).  In the cases where the columns did not have a 
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 constant flow rate (Modi et al. 1994), the leachant solution would be added at the 
beginning of the test and then, depending on the experiment time, a sample would be 
taken before adding more leachant solution.  The controlled amounts of leachate were 
usually based on an average monthly or yearly rainfall amount. 
Column tests have been studied as closed systems (Jang et al. 2001) and open 
systems (Lu 1996).  In closed systems, the material in the column has no contact with the 
atmosphere, so carbonation of the sample and evaporation and transpiration losses from 
the column do not represent an extra variable to consider.  In open systems evaporation 
and transpiration, as well as carbonation, cannot be prevented.  Some column studies 
have involved the use of a thermostatted bath varying from 60°C to 70°C (Ubaldini 1996; 
Vite et al. 1997) and a water-jacketed glass column connected to a thermostatted bath at 
80°C (Vegliò 2001).  Temperature had a positive effect on the extraction of some of the 
heavy metals in the early stages of the leaching process (e.g, Mn, Fe). 
The packing of the column also has varied between experiments.  In most cases, a 
layer of glass beads or ceramic material is placed underneath and above the material of 
interest.  The top layer, usually consisting of glass beads, helps distribute the flow above 
the column evenly (Stewart et al. 1997; Huang et al. 1998).  The bottom layer, usually 
consisting of sand or glass beads, nylon mesh, filter paper, glass wool or synthetic cloth, 
helps filter the leachate and prevent the material inside the column from exiting the 
system (Wasay 1992; Ubaldini 1996; Stewart et al. 1997; Huang et al. 1998; O'Grodnick 
et al. 1998; Sun 2001).  The packing of the columns has not followed a specific method, 
and only a couple of studies mentioned tapping the column to pack the material 
(O'Grodnick et al. 1998; Vegliò 2001). 
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 The sampling times for column studies have ranged from hourly to daily for 
columns that are running continuously.  For some of the studies simulating drought 
conditions, the samples are only taken before adding more leachant to the columns.  The 
leachate samples are usually analyzed for pH, conductivity and concentrations of metals 
by atomic absorption spectrometry or ICP-AES and ICP-MS and anions by IC.  For some 
studies, after the leaching phase of the experiment has ended, the columns are cut open 
and examined for evidence of oxidation and weathering features (Stewart et al. 1997).  
Results from leaching column tests on clay have shown that heavy metals solubility is 
highly pH dependent, usually increasing as the pH of the material decreases (Farrah et al. 
1977). 
In most of the previously mentioned cases, batch testing overestimated or had a 
similar metal release pattern as the column leaching data; one study in particular (Wasay 
1992) concluded that the average percentage leachable trace elements was 44.7% in batch 
experiments at a leachant pH of 6 and 35% in column experiments at a leachant pH of 5.  
However, there were studies that showed that when using EDTA as the leachant, the 
heavy metal extraction resulted in different patterns of metal release when comparing 
batch and column data, and this dependes on the fractions of the heavy metals that are 
contributing to the metal removal (Sun 2001).  In some other cases, the results obtained 
from the columns for certain metals have been actually lower than the conditions existing 
in the field (Kjeldsen et al. 1990; Modi et al. 1994; van der Sloot et al. 1997; Sun 2001). 
Two standardized column leaching tests are NEN 7343 and NEN 7349 (van der 
Sloot et al. 1997).  Between 0.5 and 0.7 kg of solid material is needed per column.  The 
moisture content should be known, and at least 95% of the dry material should be smaller 
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 than 4 mm.  The column size is 5 ± 0.5 cm in diameter and a fillable height of at least 4 
times the internal diameter.  The column is fitted with shut-off valves where prefilters  
(1.5 µm) and membrane filters (0.45 µm) can be placed.  The column experiment is 
carried out at room temperature (18-22 °C).  A vibration plate for the packing of the 
column is suggested.  The columns are run up-flow with an acidified leachant composed 
of demineralized water with nitric acid (pH = 4 ± 0.1).  The flow rate through the column 
is equal to the mass inside the column times a specified factor of 0.025 L/kg·h and the 
minimum time for the columns to run is three weeks when the flow rate is the maximum 
permitted by the pump (50 mL/h).  Samples are collected at LS ratios of 0.1, 0.2, 0.5, 1, 
2, 5, and 10 L/kg.  The only difference between NEN 7343 and NEN 7349 is that while 
NEN 7343 is carried out at LS ratios ranging from 0.1 to 10 L/kg of dry matter, NEN 
7349 is carried out from LS ratios ranging from 20 to 100.  These procedures were used 
as the basis for the column experiments designed in this study. 
 The objective of this research is to study the effects of different types of column 
flow in the release of constituents of concern from a material.  This will be done by 
studying a naturally aged material and comparing two flow conditions: intermittent 
unsaturated and continuously saturated.  Two types of intermittent unsaturated flow will 
be studied to see if differences in the flow affect the release of constituents from the aged 
granular material. 
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 Materials and Methods 
 
Materials 
Construction debris (CD), which is mainly composed of pulverized concrete 
blocks and bricks, was used to study the effect of different types of column flow regimes 
in the release of constituents from the material.  Because of its similarities to concrete 
debris, construction debris may be used in the same applications as concrete debris. In 
general, construction debris potentially may be used as an aggregate substitute in 
pavement construction, as well as an aggregate for cement-treated or lean concrete bases, 
a concrete aggregate, an aggregate for flowable fill, or an asphalt concrete aggregate 
(Griffiths 2002). 
CD material was collected from the demolition of one of the buildings at 
Vanderbilt University during renovation in 2001.  The material had been part of a 
building constructed in the late 1960’s, and after demolition, it was outside and had been 
subjected to weathering conditions for a couple of weeks before collection.  The material 
was initially crushed with a hammer and then crushed in a jaw-crusher to a maximum 
particle size of 2 mm. 
Following crushing, a small portion of this material was saved for X-ray 
fluorescence (XRF) analysis and neutron activation analysis (NAA) for total element 
analysis, and X-ray diffraction (XRD) and scanning electron microscope (SEM) analysis 
for possible mineral phases present.  Particle size distribution and moisture content were 
also analyzed.  The rest of the material was separated for chemical characterization. 
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 Moisture content of the construction debris was measured “as collected” 
following ASTM D 2216-92 (ASTM 1992).  In this test, a sample is dried in an oven 
temperature of 110°±5°C to a constant mass.  The measured moisture content was 6.4%.  
Total composition of construction debris was measured by XRF analysis using a TN 
Technologies model Spectrace 9000, and results are presented in Table 3.1. 
XRD suggested the presence of quartz (SiO2).  For SEM analysis, the material 
was separated into its three main components (based on appearance): brick (23% wt), a 
“light” concrete-like component (55% wt), and a “dark” concrete-like component (22% 
wt).  The brick component suggested the presence of Si, K and Fe (Figure 3.1).  Both 
concrete-like samples, “light” (Figure 3.2) and “dark” (Figure 3.3) had Si, Ca, Fe and K 
as the main components. 
 
Table 3.1.  Total composition for CD from XRF analysis. 
Element 
Concentration 
(mg/kg) 
Standard 
Deviation 
K 5702 575 
Ca 155560 1280 
Ti 1846 249 
Fe 12050 407 
Co 284 137 
Ni 108 49 
Cu 60 30 
Zn 77 29 
As 47 12 
Sr 251 11 
Mo 5 3 
Rb 54 8 
Ba 151 13 
Mo 5 3 
Ag 29 30 
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Figure 3.1.  SEM image for CD “light” component. 
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Figure 3.2.  SEM image for CD “dark” component. 
 
Si, K, FeSi
 
Figure 3.3.  SEM image for CD “brick” component. 
 
 Particle size distribution of the material was determined using ASTM D 1511-98 
(ASTM 1998).  In this test, material passing specific mesh sizes was measured.  The test 
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 was performed using the original material that had been reduced with the jaw crusher, 
and Figure 3.4 shows that all material had a maximum particle size than 2 mm, with 
about 55% of the material having a particle size of 0.9 mm. 
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Figure 3.4.  Particle size distribution for CD. 
 
Methods 
 The effect of different types of column flow in the release of constituents from the 
material was studied by comparing data from continuous saturated flow columns and two 
different types of intermittent unsaturated flow columns.  The column test design was 
based on the method NEN 7343 (van der Sloot et al. 1997).  However, some significant 
changes were made to this method to provide for the testing under intermittent 
unsaturated conditions. 
The columns were designed to have a 10-cm inner diameter and a length of 40 
cm, and were constructed of acrylic with two plastic plates of different mesh sizes to 
support the material and prevent material losses from the columns, as well as for 
distribution of the incoming water solution to the columns.  The columns were closed 
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 with flanges sealed with an o-ring, and the flanges were kept together with stainless steel 
nuts and bolts.  The flow rate through the columns was set to 220 mL/d, which was based 
on average precipitation in the Nashville area.  The leachant was deionized water.  All 
columns ran concurrently using multi-channel peristaltic pumps 
Continuously saturated columns were run up-flow to assure saturation, and 
intermittent unsaturated columns were run down-flow.  Both columns were run as a 
function of the LS ratios over a range varying from 0.1 to 10 mL/g of dry matter, and in 
this experiment, LS ratios of 0.1, 0.2, 0.5, 1, 2, 5, and 10 mL/g were originally considered 
for specific points of sample collection.  After previous experiments, it was observed that 
the change in pH, conductivity and release of constituents was not significant after LS of 
5 mL/g, and for this reason, some columns were stopped at this LS ratio.  For the 
continuously saturated columns, every time one of the previously established LS ratios 
was achieved, a sample was collected.  The sample from the first LS ratio was collected 
entirely, as the plastic collection container was large enough to hold the first fraction 
(approximately 130 mL).  For the following fractions, samples were taken at equal time 
intervals between the established LS ratios.  A collection container was placed on the day 
before the next LS ratio or sampling interval was reached, according to the volume of 
leachant exiting the column, and just the last fraction of that interval was collected.  
When samples were not collected, a container would collect the leachate and the volume 
would be registered.  This leachate was discarded. 
For the first case of intermittent unsaturated wetting columns, every time one of 
the previously established LS ratios was reached, the leachate from the cycle was 
collected and DI water solution was not added to the column for 4 days.  After 4 days of 
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 no-flow conditions, flow was resumed until the next LS ratio was reached.  For the 
second type of intermittent unsaturated wetting column experiments, the columns had 
intermittent flow, 4 days on, 4 days off, regardless of the particular LS ratio, and they 
continued to operate in this manner until a LS ratio of 5 mL/g was achieved.  A picture of 
both types of column flow regime, intermittent unsaturated and continuously saturated, is 
presented in Figure 3.5. 
 
a)  b)  
Figure 3.5.  Column experiments:  a) continuously saturated columns, b) intermittent 
wetting columns. 
 
At the end of each sample collection, the pH and conductivity of the sample was 
recorded, followed by sample filtration through a 0.45-µm-pore size polypropylene 
filtration membrane.  pH was measured for all aqueous extracts using a Corning 450 
pH/ion meter, accurate to 0.1 pH units.  A 3-point calibration was performed using pH 
buffer solutions.  Conductivity of the leachates was measured using an Accumet AR20 
pH/ion meter and a standard conductivity probe. The conductivity probe was calibrated 
using appropriate standard conductivity solutions for the conductivity range of concern.  
The samples then were collected and separated in two sub-samples; one preserved with 
nitric acid 2% for metal analysis, and the other unpreserved for anion analysis.  
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 Depending on space availability, samples were stored in a refrigerator at 4°C, or in a 
constant temperature room at 14°C until analysis. 
ICP-MS analyses were completed using a Perkin Elmer model ELAN DRC II.  
Nine-point standard curves were used for an analytical range between approximately 0.1 
µg/L and 500 µg/L.  Analytical blanks and analytical check standards at approximately 
50 µg/L were run every 10 samples and required to be within 10% of the specified value. 
Samples for analysis were diluted gravimetrically to within the targeted analytical range 
using 1 vol% Optima grade nitric acid (Fisher Scientific).  A 20-µL aliquot of internal 
standard was added to every sample.  Duplicates and spikes were run every 10 samples to 
check for element recovery in the instrument.  The required spike recovery ranged 
between 80-120%.  If a single data point seemed doubtful, that sample was re-run with an 
additional spiked sample.  Constituents measured included Al, As, Ba, Ca, Cd, Cu, Fe, K, 
Mg, Na, Pb, Se, Sr, and Zn for cations. 
Aqueous concentrations of anions (chloride and sulfate) were determined using a 
Dionex DX-600 ion chromatograph. The instrument was calibrated with Dionex Five 
Anion Standard and an independent standard (SPEX Certiprep). The detection limit for 
chloride and sulfate in aqueous samples is 0.09 and 0.13 mg/L, respectively.  Duplicates 
and spikes were run every 10 samples to check for element recovery in the instrument.  
The required spike recovery ranged between 80-120 %.  If a single data point seemed 
doubtful, that sample would be re-run with an additional spiked sample. 
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 Results and Discussion 
 Results presented here show a comparison of the effect that different types of 
column flow have on the release of constituents from CD.  An average of 2 replicates is 
presented.  pH and conductivity of the samples are presented as a function of LS ratio.  
Elements shown to be present in higher amounts in the solid sample, such as Ca and Fe, 
are presented.  Also shown are elements that are not pH dependent and show the release 
of highly soluble salts from the material (e.g., Na, SO4) as a function of LS ratio, as well 
as elements that are pH-dependant (e.g., Sr, Ba, Pb) as a function of pH.  Results for Al, 
As, Cd, Cu, Cl, K, Mg, Se and Zn are included in Appendix B. 
 
pH and Conductivity 
 Initial pH values were slightly lower for samples from the intermittent unsaturated 
column flow regimes, but became constant after a LS ratio of about 2 mL/g, as can be 
seen in Figure 3.6.  The difference between the two unsaturated flow regimes lies in the 
low initial pH value after a no flow period for the regular intermittent column, where a 
noticeable decrease in pH is observed at certain LS Ratios (0.2, 0.5, 1, 2 and 5).  This 
may be caused by the flow interruption that allows the material to come into greater 
contact with air, exposing the carbonate boundry layer of the material, and slightly 
changing the chemistry of the particles.  This effect of intermittent leaching cycles on 
leachate pH and conductivity has been previously observed (Stewart et al. 1997).  pH 
values from continuously saturated column samples remained at about a constant value of 
about 10 through out the experiment, which is a result of the carbonation the material 
experienced while being exposed to the atmosphere. 
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 Initial conductivity values were slightly higher for the intermittent unsaturated 
column flow regimes as can be seen in Figure 3.6.  However, after a LS ratio of 2 mL/g, 
there is no significant effect of the column flow regime in the conductivity of the column 
leachates. 
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Figure 3.6. pH and Conductivity of CD column samples as a function of LS Ratio. 
 
Major constituents 
 Major constituents and highly soluble species showed no significant effect of 
different types of column flow in the release of constituents, as can be seen in the release 
of Na, Ca, and SO4. 
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Figure 3.7. Na release from CD column testing as a function of LS Ratio. 
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Figure 3.8. Ca release from CD column testing as a function of LS Ratio. 
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Figure 3.9. SO4 release from CD column testing as a function of LS Ratio. 
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 Minor constituents 
 Most of the minor and highly pH dependent materials showed no significant 
effect of different types of column flow in the release of constituents, as can be seen in 
the release of Ba, Fe, and Sr.  For Pb, the release from 4-4 intermittent unsaturated 
columns was slightly higher than the release from the other two flow conditions. 
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Figure 3.10. Ba release from CD column testing as a function of pH and LS Ratio. 
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Figure 3.11. Fe release from CD column testing as a function of pH and LS Ratio. 
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Figure 3.12. Pb release from CD column testing as a function of pH and LS Ratio. 
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Figure 3.13. Sr release from CD column testing as a function of pH and LS Ratio. 
 
Conclusions 
The results presented in this chapter indicate that making the intermittent cycle 
more frequent has no significant impact on pH, conductivity and release of constituents 
from column testing than running an intermittent cycle that stops only at specific LS 
ratios.  Also, results show that the only significant difference between intermittent 
unsaturated flow and continuously saturated flow is the quicker salt release from 
intermittent unsaturated columns, as shown by conductivity values, at initial LS ratios.  
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 This faster initial release may be due to the presence of preferential flow paths existing in 
the columns running down flow with intermittent unsaturated flow and constituent wash 
out at initial LS ratios, and it is more noticeable in the 4-4 columns, where the no flow 
condition occurs more often.  After a LS ratio of 5 mL/kg there is no difference between 
the different types of column flow regime. 
 This chapter presents evidence that column experiments performed at 
continuously saturated conditions, as most standardized column test methods suggest, and 
as suggested by the protocols presented in the leaching assessment framework, produces 
similar results to those that what would be obtained under unsaturated conditions.  The 
significance of this observation lies in the shorter column test times required for 
continuously saturated columns, as well as in the many data available resulting from 
saturated experiments.  The data from these saturated experiments can be considered 
surrogates for field conditions, even under intermittent unsaturated conditions.  This 
finding will continue to be tested, and supported, in subsequent chapters in this 
dissertation, considering other materials. 
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 CHAPTER IV 
 
COMPARISON OF THE RELEASE OF CONSTITUENTS OF CONCERN FROM 
A GRANULAR MATERIAL UNDER BATCH AND COLUMN TESTING 
 
Abstract 
 Under the previously proposed leaching assessment framework, leaching data 
from batch equilibrium testing as a function of pH and LS is used to provide empirical 
measurement of aqueous-solid constituent partitioning.  The resulting data then is used to 
estimate constituent release under field percolation conditions, assuming local 
equilibrium.  Column leaching testing can be considered a surrogate for field percolation 
data to evaluate this approach.  In addition, column testing is often carried out as a direct 
approximation of leaching under field percolation conditions.  However, column testing 
is time-intensive compared to batch testing, and may not always be a viable option when 
making decisions for material reuse.  Therefore, it is important to compare the release 
that occurs under batch and column testing, and evaluate the uncertainties associated with 
use of batch data to estimate release under percolation conditions.  Two types of coal fly 
ash (CFA) and an aluminum recycling residue (ARR) were evaluated via batch and 
column testing, including different column flow regimes (saturated and unsaturated, 
intermittent flow).  Leaching data, including pH, conductivity and constituent release 
were compared from batch and column tests.  Results showed no significant difference 
between the column flow regimes and agreement in most cases between batch and 
column testing, including cumulative release.  For Al, Fe and K in CFA, however, batch 
testing underestimates the column constituent release for most LS ratios and on a 
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 cumulative basis.  Geochemical speciation modeling results for the solubility prediction 
of constituents from ARR agree with experimental batch data and, with further sample 
analysis and software development, these results can be used as a basis for long-term 
prediction of constituent release from the material. 
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 Introduction 
 When using secondary materials for highway and construction applications, it is 
important to consider the potential environmental impact that these materials can have in 
the surrounding environment.  Constituents of potential concern present in the materials 
are subject to leaching, as runoff and water percolating through the materials carries these 
metals and compounds into the ground, and eventually into the aquifers or surface 
streams. 
 Leaching tests are a very useful tool to estimate the release of constituents of 
concern from granular materials.  However, given the complexity of the leaching process, 
there is no single leaching test that can provide a complete understanding of the leaching 
that would occur under different circumstances.  Because of this, there are different types 
of leaching tests that have been developed to provide a better understanding of the 
leaching processes under different conditions. 
Kosson et al. developed a framework for evaluation of leaching from secondary 
materials that provides specific leaching test methods and a hierarchical approach to 
testing and evaluation (Kosson et al. 2002).  Batch tests proposed in this framework are 
designed to measure the intrinsic leaching properties of a material, including aqueous-
solid equilibrium partitioning of constituents, and evaluate the release of constituents in 
the limiting case when the material is in chemical equilibrium with its surroundings.  The 
goal of equilibrium batch testing is to represent constituent solubility and release over a 
range of conditions by varying one parameter (e.g., pH, LS ratio) (Garrabrants et al. 
2005).  As a general rule for equilibrium tests, the material is in contact with the leaching 
solution and the variables include: contact time, agitation rate, pH of the leachant 
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 solution, and LS ratio.  Equilibrium batch leaching tests have been discussed extensively 
elsewhere (Garrabrants et al. 2005). 
Column tests are designed to evaluate the release of constituents at local 
equilibrium conditions as a function of time.  This local equilibrium condition is 
approached due to the low flow rates through the column, and is also representative of 
many field leaching conditions.  The goal of column testing is to determine rates of 
constituent leaching during advective mass transport in order to understand the 
mechanisms of release at low LS ratios (Garrabrants et al. 2005).  Column tests account 
for constituent wash out at lower LS ratios, and the change in solubility controlling 
phases that this wash out has as a result (van der Sloot et al. 2001).  Column tests give an 
indication of the time-dependent leaching behavior, and can be useful to quantify the 
retention in the matrix of the element of interest (i.e., heavy metals) relative to the inert 
constituents of the matrix.  Important parameters considered in column testing and not in 
batch testing include flow regime and infiltration rate.  A more extensive literature review 
on column testing is presented in Chapter 3. 
Batch testing offers the advantage of greater reproducibility and simpler design; 
column testing provides a closer approximation to leaching processes that occur in field 
conditions (Jackson et al. 1984; Caldwell et al. 1990; Kjeldsen et al. 1990; Förstner et al. 
1991; Sawhney et al. 1991; Wasay 1992; van der Sloot et al. 1996).  However, column 
tests are often time consuming, ranging in duration from a couple of weeks to years.  
Alternatively, batch tests can be carried in shorter periods of time, varying from a couple 
of hours to days.  For this reason, and in order to provide a better tool for decision-
making, it is important to understand the difference between leaching of constituents that 
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 occurs under batch testing and column testing.  Furthermore, it is necessary to establish 
conditions under which constituent release in column testing is accurately predicted by 
batch testing, and to identify key disagreements between the two testing modes. 
 The objectives of this research are: 
1) to understand the relationship between leaching of constituents from granular 
materials that occurs under batch testing and leaching that occurs under column 
testing, 
2) to evaluate the predictability of column results, when considered as a surrogate 
for field data, based on batch tests, 
3)  to compare the solubility obtained from batch data to the solubility predicted by a 
geochemical speciation model, and  
4) to recommend guidelines for batch testing results interpretation of both highly 
soluble and pH-dependent species. 
 
Materials and Methods 
 
Materials 
Three materials are presented in this chapter:  two types of Coal Fly Ash (CFA) 
and one Aluminum Recycling Residue (ARR).  Before being collected, the materials had 
been outside for an unknown period, and had been subjected to weathering conditions. 
A small portion of each material was saved for X-ray fluorescence (XRF) analysis 
and neutron activation analysis (NAA) for total element analysis, and X-ray diffraction 
(XRD) and scanning electron microscope (SEM) analysis to identify mineral phases 
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 present.  Particle size distribution and moisture content were also analyzed.  The rest of 
the material was separated for chemical characterization.  Moisture content of the 
materials was measured “as received” following ASTM D 2216-92 (ASTM 1992).  In 
this test, a sample is dried in an oven temperature of 110°±5°C to a constant mass.  
Particle size distribution of the material was determined using ASTM D 1511-98 (ASTM 
1998).  In this test, material passing specific mesh sizes was measured. 
 
Coal Fly Ash  
Coal fly ash (CFA) is produced in the operations of coal-fired power plants.  Fly 
ash is a fine, powder-like residue.  Its color depends on the amount of carbon present in 
it.  Gray to black represents higher percentages of carbon, while tan coloring indicates 
lime and/or calcium content (Hjelmar 1990; Griffiths 2002).  Fly ash can be added to 
concrete to lower the heat of hydration and reduce permeability.  Dry fly ash can be used 
alone or combined with sand as an inert fill material or as an aggregate to improve 
cohesion and stability to bituminous concrete binder and soil embankments (Griffiths 
2002).  Because of its carbon composition, some states limit the percentage of ash that 
can be added as an aggregate. 
The fly ash used in this research was obtained from ADA Environmental 
Solutions under contract from the Department of Energy’s National Energy Technical 
Laboratory (NETL) field evaluation program.  The ash was obtained from Unit 1 in The 
Brayton Point Plant.  There were two types of CFA used in this project.  The first type 
(CFA #1) resulted from carbon injection to the ash hopper; the second type (CFA#2) was 
the baseline without carbon injection.  CFA #1 had a light gray color.  CFA #2 had a very 
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 dark, almost black, color.  More information on these ashes can be found elsewhere 
(Sanchez et al. 2006). 
The measured moisture content for both ashes was 1.17%.  Total composition of 
the ashes was measured by XRF analysis using a TN Technologies model Spectrace 9000 
(Tables 4.1).  Digestion results using EPA Method 3052 B for both ashes are shown in 
Table 4.2.  NAA results are shown for CFA #1 (Table 4.3).  There was not enough 
material for NAA analysis for CFA #2.  The high Al content of the material caused 
interferences in the analysis and is the cause of discrepancies between XRF and NAA 
analytical methods.  This explains the different As, Ni and Se results. 
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 Table 4.1.  Total composition for CFA from XRF analysis. 
CFA #1 CFA #2 
Element 
Concentration 
(mg/kg) 
Concentration 
(mg/kg) 
Al 124000 134300 
As BML BML 
Ba 950 100 
Br 650 50 
Ca 20300 60800 
Cl 4400 300 
Cr 180 220 
Cu 200 220 
Fe 25000 46500 
I 140 BML 
K 15000 18530 
Mg 6410 8000 
Mn 200 410 
Na 2420 5110 
Ni 160 150 
Pb 100 BML 
Px2 420 1610 
Se 200 50 
Si 232400 230800 
Sr 830 1240 
Sx3 5820 3510 
Ti 1000 10150 
V 320 430 
Zn 110 210 
Zr 310 310 
Note: BML=below method limit (As<0.009%, Cl<0.006%, I<0.006%, Pb<0.003%, Se<0.003%) 
 
Table 4.2.  Total composition of CFA (EPA Method 3052B). 
 
Element 
CFA # 1 
(mg/kg) 
CFA # 2 
(mg/kg) 
As 27.9±2.1 80.5±1.9 
Cd BML BML 
Pb 82.9±2.3 117.3±4.9 
Se 151.9±6.2 51.4±1.7 
Note:  NA =  Not Applicable; NT = Not tested; BML   = Below ML 
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 Table 4.3.  Total composition for CFA # 1 from NAA analysis. 
Element 
Concentration 
(mg/kg) 
Ag 37 
As 1600 
Cd 3800 
Ce 110 
Co 61 
Cr 110 
Fe 39000 
Hf 0.89 
In 50 
Ir 0.031 
K  22000 
Mo 190 
Na 3500 
Nd 100 
Ni 6200 
Pr 31 
Rb 150 
Re 68 
Ru 140 
Se 4600 
Sm 29 
Sn 1100 
Sr 470 
Tb 1.8 
Th 17 
Tm 31 
U  65 
Yb 14 
Zn 55 
Zr 400 
 
 SEM and XRD analyses were also performed on CFA #1.  XRD suggested quartz 
as the main constituent of the material.  SEM confirmed the significant presence of Si, 
Ca, and Fe as well (Figure 4.1). 
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 Si, S, Ca
Si
Al, Si, Fe  
Figure 4.1.  SEM image for CFA #1. 
 
 Because of the limited amount of material available, it was not possible to 
perform a particle size distribution test on either type of CFA.  However, it is possible to 
assume that all material passed the 2 mm sieve.  This can be confirmed by Figure 4.1, 
where the particles are all smaller than the 0.3 mm scale bar presented in the figure. 
 
Aluminum Recycling Residue  
ARR is generated during the treatment of aluminum scrap in the recycling 
process.  It consists of aluminum metal, spent salt (added to lower the reactivity of 
aluminum with oxygen), and residue oxides.  Approximately one million tons are 
produced per year (Ghorab et al. 2004).  One of its possible uses is as a fill material in 
highway applications. 
The measured moisture content was 0.15%.  Total composition of ARR was 
measured by XRF analysis using a TN Technologies model Spectrace 9000 (Table 4.4), 
and also by NAA (Table 4.5). 
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 Table 4.4.  Total composition for ARR from XRF analysis. 
Element 
Concentration 
(mg/kg) 
Standard  
Deviation 
Cr 291 91 
Fe 2849 252 
Mo 7 2 
Pb 33 14 
Zn 131 32 
Zr 38 4 
 
Table 4.5.  Total composition for ARR from NAA analysis. 
Element Concentration  (mg/kg) 
Al 110000 
Ba 210 
Br 39 
Ca 710 
Cl 15000 
Cu 500 
Dy 3.9 
Eu 0.72 
Ga 120 
I 11 
In 0.34 
K  4000 
Mg 37000 
Mn 790 
Na 8000 
Nd 1000 
Pd 610 
Rb 1700 
Sm 9.9 
Sn 1800 
Sr 380 
Th 590 
Ti 1600 
V 20 
 
 SEM and XRD analyses were also performed on ARR.  XRD confirmed 
aluminum oxides as the main constituents of the material, and suggested Mg and Si as 
major components of the aluminum oxide species.  SEM confirmed Al as the main 
constituent in the material (Figure 4.2). 
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Figure 4.2.  SEM image from ARR. 
 
 Particle size distribution for ARR is shown in Figure 4.3.  This is the material as it 
was received.  The material did not require any particle size reduction before testing.  
More than 60% of the material was under 0.5 mm. 
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Figure 4.3.  Particle size distribution for ARR. 
 
Methods 
 All materials were tested under batch and column conditions.  These tests are 
described in detail below.  The release of constituents from ARR was also modeled using 
a geochemical speciation model, further explained in the modeling results section. 
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 Batch testing 
 Batch testing was done to measure the solubility and release of constituents as a 
function of pH and LS ratio.  The batch testing consisted of two tests: solubility and 
release as a function of pH, SR002.1, and the solubility and release of constituents as a 
function of LS ratio, SR003.1 (Kosson et al. 2002).  Procedures for both protocols are 
summarized in the following paragraphs.  No particle size reduction was needed for the 
materials, as the particle size was well below 2 mm.  Moisture content of the materials 
was measured before batch testing, so that appropriate adjustments could be made to 
conduct the test at the specified LS ratio.  Batch testing (SR002.1 and SR003.1) for the 
coal fly ash samples was carried out by Arcadis Laboratories as part of the USEPA 
evaluation program for leaching of coal combustion residues (Sanchez et al. 2006). 
 
 Solubility and release as a function of pH 
The SR002.1 (“ANC” in graphs) protocol was followed.  The minimum dry 
equivalent mass (i.e., 40 g dry sample) was placed into each of eleven bottles.  Each 
bottle was labeled with the extraction number or acid addition and the volume of DI 
water specified in the schedule for LS ratio makeup.  The appropriate volume of acid or 
base was added to each extraction using an adjustable pipette.  The bottles were sealed 
with leak-proof lids and then tumbled in an end-to-end fashion at a room temperature (20 
± 2°C) for 48 h.  At the conclusion of the agitation period, the extraction vessels were 
removed from the tumbler and the leachates were clarified by allowing the bottles to 
stand for 15 min.  A minimum volume of clear supernatant from each extraction bottle 
was decanted to measure and record the solution pH and conductivity.  For each 
 82
 extraction, the solid was separated from the liquid by vacuum filtration through a 0.45-
µm-pore size polypropylene filtration membrane.  The samples then were collected and 
separated into two sub-samples; one preserved with nitric acid 2% for metal analysis, and 
the other unpreserved for anion analysis.  Samples were stored in a refrigerator at 4°C, or 
in a constant temperature room at 14°C until their analysis. 
 
Solubility and release as a function of LS Ratio 
The SR003.1 (“LS” in graphs) protocol consists of five parallel batch extractions 
over a range of LS ratios (i.e., 10, 5, 2, 1, and 0.5 mL/g), using DI water as the extractant.  
The mass of material used for the test was 40 g of dry sample.  The minimum equivalent 
mass required for the test was placed into each of five bottles.  The appropriate volume of 
DI water for each LS ratio was added for each of the LS ratios.  For a dry material, this 
volume was the mass of the aliquot multiplied by the desired LS ratio.  The bottles were 
sealed with leak-proof lids and then tumbled in an end-to-end fashion at a room 
temperature (20 ± 2°C) for 48 h.  At the conclusion of the agitation period, the extraction 
vessels were removed from the tumbler and the leachates were clarified by allowing the 
bottles to stand for 15 min.  A minimum volume of clear supernatant from each 
extraction bottle was decanted to measure and record the solution pH and conductivity.  
For each extraction, the samples were filtered and preserved as described in the SR002 
protocol. 
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 Column testing 
The effect of different types of column flow in the release of constituents from the 
material was studied by comparing data from continuous saturated flow columns and 
intermittent unsaturated flow columns.  The methodology is explained in detail in 
Chapter 3.  Both types of column flow conditions were maintained until a LS ratio of 10 
mL/g was achieved.  Samples were taken at equidistant points in time between the 
established LS ratios.  Solution pH and conductivity were recorded.  Samples were 
filtered and analyzed as explained previously. 
 
Results and Discussion 
 Results presented here show the different release of constituents of concern from 
ARR and both types of CFA when tested under batch and column conditions.  pH and 
conductivity of the samples are presented as a function of LS ratio for column 
experiments, and as a function of milliequivalents of acid/base added for batch testing.  
The elements presented are the elements that were present in higher concentrations in the 
solid samples (i.e., Ca and Fe for CFA and Al for ARR).  Also presented are elements 
that are representative of a certain class of behavior, like highly soluble species (i.e., K 
for CFA and Ca, Cl and Na for ARR), and pH-dependant species (i.e., Al for CFA and 
Mg and Sr for ARR).  As, Ba, Cu, Cd, Mg, Pb, Se, Sr and Zn are other pH-dependent 
constituents, and most can be represented by the selected species.  SO4 is a highly soluble 
species represented.  For a complete set of figures for release of constituents from all 
three materials, refer to Appendix B.  
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  For highly soluble species, the release of constituents in batch and column testing 
is presented as a function of LS ratio on a concentration basis.  These data are integrated 
to also give cumulative release.  Release and cumulative release as a function of LS ratio 
are also presented for pH-dependent species, as well as release as a function of pH.  The 
equilibrium in batch testing is controlled only by the solubility of the minerals present in 
the solid material (Kosson et al. 2002).  This equilibrium represents a zero flow rate case, 
and therefore a theoretical upper bound on the release of constituents in low infiltration, 
local equilibrium controlled column tests (Kosson et al. 2002).  Under reuse field 
applications, cumulative release is the relevant condition.  However, the release on a 
concentration basis as a function of pH or LS ratio can point out potential discrepancies 
for specific field conditions, even where the estimate of cumulative release is 
conservative. 
A discrepancy or residual plot is presented for each element for a more objective 
comparison between batch and column data as a function of LS ratio.  This residual was 
obtained similarly as the residuals explained in Chapter 2.  Taking the column data as the 
reference point, the predictive value from batch data is analyzed by calculating the 
residual as follows (Equation 4.1): 
 
⎟⎠
⎞⎜⎝
⎛=
Column
BatchResidual log    (4.1) 
 
A positive value for the residual indicates that batch data is a conservative estimate of 
column release.  Negative residual values indicate underprediction of column release.  
The term “good agreement” is used when the discrepancy between batch and column 
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 tests is within one order of magnitude.  Residuals of release as a function of pH are not 
presented given that the comparison between batch and column data as a function of pH 
is not of significance, as the column experiments are done at the natural pH of the 
material, which does not change in more than 1 or 2 pH values throughout the 
experiment. 
 
Coal Fly Ash # 1 
 
pH and Conductivity 
CFA #1 has little buffering capacity; it takes only about 1.5 meq/g of base to 
change the pH from 10 - 13 (Figure 4.4).  This material has a natural pH value of 
approximately 9 as tested under batch conditions.  However, there was an unknown time 
delay between column testing and batch testing that could have aged the material used for 
batch testing, and that could be the cause for the lower pH obtained from batch testing.  
This delay, and the fact that the batch testing was done by a different laboratory, can 
explain the differences that were observed in constituent release from batch and column 
testing.  No conductivity data are available from batch testing.  For column testing, there 
are no conductivity changes after a LS ratio of 2 mL/g (Figure 4.5). 
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Figure 4.4. pH of CFA #1 batch testing as a function of LS Ratio. 
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Figure 4.5. pH and Conductivity of CFA #1 column testing as a function of LS Ratio. 
 
Major constituents 
Ca and K were considered as the representative major and highly-soluble 
constituents.  No significant effect of column flow regime in the release of constituents is 
observed for either constituent.  For Ca, release under batch testing is a conservative 
estimate of release from column testing, as observed in the residual values.  The 
cumulative release is well predicted as a function of LS ratio; moreover the release of 
constituents is overpredicted at each LS ratio (Figure 4.6).  For K, release under batch 
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 conditions is underpredictive of the column results at high LS ratios.  The cumulative 
release in columns is also underpredicted, but by less than an order of magnitude (Figure 
4.7). 
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Figure 4.6. Ca release from CFA # 1 as a function of LS Ratio. 
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Figure 4.7. K release from CFA # 1 as a function of LS Ratio. 
 
Minor constituents 
Al and Fe were considered because they are representative species that show 
typical minor, pH-dependent cation behavior.  The release of constituents from batch 
testing as a function of pH is in good agreement with the release of constituents from 
column testing for most of the elements.  No significant difference is observed between 
column flow regimes.  For Al, release under batch conditions is underpredictive of the 
column results as a function of pH and at each LS ratio.  The cumulative release in 
columns is also underpredicted (Figure 4.8).  For Fe, there is good agreement between 
batch and column testing release as a function of pH and at each LS ratio.  Cumulative 
release in columns is also well predicted by the batch testing (Figure 4.9). 
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Figure 4.8. Al release from CFA # 1 as a function of pH and LS Ratio. 
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Figure 4.9. Fe release from CFA # 1 as a function of pH and LS Ratio. 
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 Coal Fly Ash # 2 
 
pH and Conductivity 
CFA #2 has a high buffering capacity (Figure 4.10).  It takes almost 10 meq/g of 
base to change the pH from 12 to 14.  CFA #2 has a natural pH value of 12-13 as 
measured by batch testing.  pH measured from column testing is approximately 10.  As 
for CFA #1, it is possible that the time delay between batch and column testing had some 
effect on the aging of the material.  No conductivity data are available from batch testing.  
For column testing, there is a significant drop in conductivity after LS ratio of 5 mL/g 
(Figure 4.11). 
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Figure 4.10. pH of CFA #2 batch testing as a function of LS Ratio. 
 91
 2
4
6
8
10
12
14
0.1 1 10
LS Ratio (mL/g)
pH
IC CFA # 2
SC CFA # 2
0.1
1
10
100
1000
0.1 1 10
LS Ratio (mL/g) 
C
on
du
ct
iv
ity
 (m
S
/c
m
)
IC CFA # 2
SC CFA # 2
 
Figure 4.11. pH and Conductivity of CFA #2 column testing as a function of LS Ratio. 
 
Major constituents 
Ca and K were considered as the representative major and highly-soluble 
constituents.  No significant effect of column flow regime in the release of constituents is 
observed for either constituent.  For Ca, release under batch testing is a conservative 
estimate of release from column testing, as observed in the residual values at each LS 
ratio.  Batch testing also gives an accurate prediction of the cumulative release in column 
testing (Figure 4.12).  For K, release under batch conditions gives a conservative 
prediction of column release at low LS ratios, but is underpredictive of the column results 
at the highest LS ratio of 10 mL/g.  The cumulative release in columns is also 
underpredicted at the highest LS ratio, but by less than an order of magnitude (Figure 
4.13). 
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Figure 4.12. Ca release from CFA # 2 as a function of LS Ratio. 
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Figure 4.13. K release from CFA # 2 as a function of LS Ratio. 
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 pH Dependent constituents 
Al and Fe were considered because they are representative pH-dependent species.  
Column flow regime does not show significant effect on constituent release.  For Al, 
release under batch conditions is in agreement with column results as a function of pH, 
but is underpredictive of column results at each LS ratio.  Moreover, the cumulative 
release in columns is also underpredicted, especially at low LS ratios (Figure 4.14).  For 
Fe, there is good agreement between batch and column testing release at low LS ratios, 
but batch testing is underpredictive of column results as a function of pH; this might be 
due to the differences in pH for batch and column experiments.  Cumulative release in 
columns is also underpredicted by the batch testing (Figure 4.15).  This may be due to the 
different initial pH of the samples used for batch and column testing. 
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Figure 4.14. Al release from CFA # 2 as a function of pH and LS Ratio. 
 94
 1
10
100
1000
2 4 6 8 10 12 14
pH
Fe
 (m
g/
L)
Batch (ANC)
IC Non-Aged
SC Non-Aged
0.1
1
10
100
1000
0.1 1 10
LS Ratio (mL/g)
Fe
 (m
g/
L)
Batch (LS)
IC Non-Aged
SC Non-Aged
0.1
1
10
100
1000
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
Fe
 (m
g/
kg
)
0
Batch (LS)
IC Non-Aged
SC Non-Aged
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
Fe
 R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
Fe
 L
og
 R
es
id
ua
l Residual Batch/IC
Residual Batch/SC
 
Figure 4.15. Fe release from CFA # 2 as a function of pH and LS Ratio. 
 
Aluminum Recycling Residue 
 
pH and Conductivity 
ARR has a high buffering capacity; more than 10 meq acid/g were required to 
obtain a pH of 3 (Figure 4.16).  There is good agreement, in terms of pH values, between 
batch and column testing at all LS ratios (Figures 4.17 and 4.18).  pH from intermittent 
unsaturated columns is slightly higher than from continuously saturated columns (Figure 
4.18).  Initial conductivity of samples is higher in batch testing by an order of magnitude.  
For higher LS ratios, conductivity is overestimated by two orders of magnitude.  
Conductivity of intermittent unsaturated columns is initially higher than for continuously 
saturated columns.  However, conductivity for IC drops by an order of magnitude lower 
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 than for SC by a LS ratio of 1 mL/g.  Final conductivity values are similar for both 
column flow regimes. 
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Figure 4.16. pH and Conductivity of ARR titration curve 
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Figure 4.17. pH and Conductivity of ARR batch testing as a function of LS Ratio. 
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Figure 4.18. pH and Conductivity of ARR column testing as a function of LS Ratio. 
 
Major constituents 
Ca, Cl and Na were considered as representative species of major constituents and 
species with highly soluble behavior.  For all elements, batch testing gives a conservative 
estimate of column results for concentration and cumulative release.  Little significant 
difference in release between column flow regimes is observed for these three 
constituents.  For Ca, the release from continuously saturated columns is slightly higher 
than from intermittent unsaturated columns (Figure 4.19).  For Cl and Na, there is higher 
initial release in intermittent unsaturated columns.  Cumulative release predictions from 
batch testing are particularly consistent for Cl and Na in both flow regimes (Figures 4.20 
and 4.21). 
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Figure 4.19. Ca release from ARR as a function of LS Ratio. 
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Figure 4.20. Cl release from ARR as a function of LS Ratio. 
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Figure 4.21. Na release from ARR release as a function of LS Ratio. 
 
Minor constituents 
Al, Mg and Sr were considered because they are representative species that show 
typical minor species, pH-dependent behavior.  The release of constituents from batch 
testing as a function of pH is a conservative estimate of the release of constituents from 
column testing for these selected constituents.  There is little effect of the different 
column flow regimes in the release of constituents.  For Al, there is no effect of column 
flow regime (Figure 4.22).  Mg and Sr show a higher release from continuously saturated 
columns than from intermittent unsaturated columns at very low LS ratios (Figures 4.23 
and 4.24).  At higher LS ratios, there is no difference between column flow regimes.  For 
most cases, the release of constituents did not change after a LS ratio of 5 mL/g. 
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Figure 4.22. Al release from ARR as a function of pH and LS Ratio. 
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Figure 4.23. Mg release from ARR as a function of pH and LS Ratio 
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Figure 4.24. Sr release from ARR as a function of pH and LS Ratio. 
 
Geochemical speciation modeling results 
The most recent versions of geochemical speciation modeling software LeachXS, 
1.0.4.0 and 1.0.4.1, were used to obtain the results presented in this research.  This 
modeling program and its capabilities are discussed in detail in Chapter 2. 
The solubility prediction results were based on batch results from protocol SR002 
(solubility and release as a function of pH).  It was necessary to assume plausible Si 
concentrations to accurately simulate the material, given that the main constituent of 
ARR is quartz as confirmed by XRD.  Si values were initially assumed to be 1 x 10–8 
mol/L Si for all points.  Accurate Si concentrations are even more important for long-
term prediction in LeachXS. 
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 Using the chemical speciation wizard, and after several solubility prediction 
iterations, the minerals potentially controlling solubility were selected based on their 
saturation indices (SI).  The selected minerals were Al[OH]3[a], BaSrSO4[50%Ba], 
Ba[SCr]O4[96%SO4], Ettringite, Anhydrite, Langite, Kaolinite, Muscovite, Birnessite, 
Pb[OH]2[C], Strontianite, Zincite, BaCaSO4[75%Ba], ZnSiO3, Al2O3, Corkite, Brucite, 
Hercynite, Montmorillonite, Fluorite and ZnO.  The nomenclature used in this 
dissertation for the minerals chosen in LeachXS is strictly the mineralogy as given by 
LeachXS.  For mineral formulas, please refer to the table of minerals in Appendix D.  
Other changes to the chemistry used by LeachXS included an increase of aluminum 
availability (5.9 x 10+4 to 9 x 10+4 mg/kg), assumption of a CO3 value of 1 x 10+3 mg/kg 
(to account for material exposure to the environment) and the addition of 5 x 10-3 mg/kg 
of hydrous ferric oxide (HFO), and changing the ettringite parameters in ORCHESTRA 
to 30 orders of magnitude lower to account for ettringite presence. 
Results for Al, Ca, Mg and Sr are presented.  These constituents were selected to 
represent both highly soluble and pH-dependent behavior, and to compare directly with 
experimental results above.  A complete set of solubility prediction results, as well as 
partitioning diagrams showing the minerals that are controlling the solubility of the 
constituent at specific pH points, is presented in Appendix C. 
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Figure 4.25.  Al prediction from ARR as a function of pH. 
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Fig 4.26.  Ca prediction from ARR as a function of pH. 
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Fig 4.27.  Mg prediction from ARR as a function of pH.. 
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Fig 4.28. Sr prediction from ARR as a function of pH. 
 
 Residuals shown in the graphs are discussed in Chapter 2, and are the logarithm 
of the ratio, in this case, of model prediction to batch experiments.  A positive residual 
value corresponds to model overestimation of constituent solubility. 
 For Al, the model underestimates the solubility between pH of 5 and 9 (Figure 
4.25).  The controlling species in this range is Al(OH)3.  Mg solubility is underestimated 
by the model at pH values above 11 (Figure 4.27).  The controlling species in this range 
is brucite.  The model gives conservative estimates for the solubility of Ca and Sr over 
the entire pH range. 
Uncertainties in this modeling are mainly the lack of sufficient data.  Si values 
were assumed for batch samples and account for some of the difference between 
measured and predicted data.  DOC measurements might also improve the modeling 
results, given that organic matter has a significant impact on complexation of some 
elements (Meima et al. 1999) and could explain the behavior of Fe leaching prediction 
(Appendix C).  As mentioned previously, these results are preliminary, and the additional 
measured data (especially Si) will be critical for long-term prediction. 
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 Conclusions 
 Results indicate that in most cases, there is good agreement between batch and 
column testing, especially when compared on a cumulative release basis.  Also, results 
indicate that there is no significant difference in the release of constituents when tested 
under different column flow regimes.  Analyzed specifically by constituent, results show 
that highly soluble species, such as Na, Ca, and Cl, are released slightly faster in 
intermittent unsaturated columns, as shown by conductivity values.  This faster release 
may be due to the presence of preferential flow paths existing in the columns running 
down flow with intermittent unsaturated flow.  After a LS ratio of 5 mL/kg there is no 
significant difference between the column flow regimes in terms of pH, conductivity 
values, or constituent release. 
While for most cases batch testing was in agreement with column testing results, 
there were some cases where release from batch testing was almost an order of magnitude 
lower than release from column testing.  Such was the case for Al at all LS ratios and K 
at LS ratio of 10 in both types of CFA, and in the case of CFA # 2, for Fe as a function of 
pH and at LS ratio of 10.  For most of the cases, even where there was disagreement 
between batch and column testing when compared as a function of pH or LS ratio, the 
agreement is good for cumulative release at higher LS ratios. 
As for interpretation protocols, the primary concern is whether or not the 
cumulative release from batch testing accurately predicts the release of constituents of 
column testing.  Batch testing is an accurate predictor of column results for all ARR 
species and most of the highly soluble species from CFA.  However, even in the cases 
where cumulative release from batch testing agrees with column testing, it is important to 
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 consider the release as a function of LS ratio for all species, and furthermore, as a 
function of pH for pH dependent species, and analyze for potential disagreements at 
specific LS ratios or pH values.  An assessment of major environmental parameters in the 
field, such as infiltration rates, could be used together with these detailed results to 
analyze potential for leaching of constituents of concern in specific reuse applications. 
Preliminary modeling results for ARR indicate a relatively good prediction based 
on assumed Si data.  Modeling failed to successfully predict release at pH values higher 
than 10 for Mg, and it underestimated release of Al between pH of 5 and 9.  These 
disagreements provided by the simulation have the potential to be improved, with further 
sample analysis, so the modeling results can provide a strong foundation for long-term 
prediction of constituent release as the speciation software continues to be developed. 
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 CHAPTER V 
 
THE EFFECTS OF CARBONATION IN THE RELEASE OF CONSTITUENTS 
FROM LABORATORY FORMULATED CONCRETE 
 
Abstract 
Concrete and concrete derived materials have been widely used in construction 
and highway applications.  However, it is known that while in use, concrete will 
experience intermittent infiltration as a consequence of precipitation events and 
carbonation, and this will have an effect on its chemistry, decreasing the pH of the 
material.  This study evaluates the effect of carbonation and different types of column 
flow in the release of constituents from a laboratory formulated concrete, and includes a 
comparison of release of constituents when tested under both batch and column 
experiments.  This study also presents preliminary geochemical speciation modeling 
results for the solubility prediction of constituents from laboratory formulated concrete 
based on batch data.  Results from batch and column testing showed that carbonation 
reduces the pH of the leachates and reduces the release of most constituents, except for 
As.  There is no significant difference between unsaturated, intermittent and continuously 
saturated column flow regimes.  In most cases, there is agreement between batch and 
column testing release, except for Cl, As and Zn.  Solubility predictions were obtained 
for the non-aged material based on non-aged material data, and for the carbonated 
material based on non-aged and carbonated data. Predictions based on the existing aging 
condition were satisfactory, but prediction of the carbonated material based on non-aged 
data was only satisfactory for Zn. 
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 Introduction 
Concrete and concrete derived materials have been extensively used as an 
aggregate substitute in pavement construction, as well as an aggregate for cement-treated 
or lean concrete bases, a concrete aggregate, an aggregate for flowable fill, and an asphalt 
concrete aggregate (Vipulanandan et al. 1998; Griffiths 2002).  When using concrete or 
concrete-like materials in highway and construction applications, it is important to 
consider the impact that these materials pose to their surrounding environment, especially 
if the concrete contains constituents of potential concern due to solidification/stabilization 
treatment of contaminated materials.  Constituents of potential concern present in the 
concrete have the potential to leach, as runoff and water percolating through the granular 
materials carry these constituents into the ground and eventually into aquifers.  
Furthermore, the alkaline nature of concrete materials makes them prone to carbonation 
when used for construction or highway applications, as is the scope presented in this 
project, and this effect must be considered. 
Carbonation is a relevant process for initially alkaline materials (pH > 9) and is 
one of the most common chemical reactions that an alkaline material will experience 
while in contact with the environment (Garrabrants 2001; Freyssinet et al. 2002).  
Atmospheric carbon dioxide diffuses into the matrix, reacts to produce carbonates, and 
decreases the pH value of the system.  Carbonation occurs through reaction of the 
alkaline materials present in a sample with the atmospheric carbon dioxide, according to 
the following overall reaction (Snoeyink et al. 1980): 
 
CO2 + 2 OH-  ↔  H2O + CO32-
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 The detailed carbonation reaction has been presented elsewhere (Van Gerven 
2005) and is reviewed in Chapter 1.  The degree of wetting is very important for the rate 
of carbonation; partially filled pores lead to a faster carbonation because of the higher 
diffusion rate of carbon dioxide in air than in water (van der Sloot et al. 1997).  Research 
suggests that sudden changes in relative humidity and temperature induce continuous 
non-steady state conditions in the interior of concrete, with temperature being the most 
influential in sheltered samples and rain being the most influent in unsheltered samples 
(Andrade et al. 1999). 
Carbonation has been found to affect the chemical composition and physical 
properties of cementitious matrices and other secondary materials, affecting the release of 
constituents of potential concern. (Macias et al. 1997).  It becomes very important for 
materials that have more alkaline pH, such as concrete and construction debris.  
Carbonation tends to lower the pH of materials by one or two pH units to a pH of 9 - 10, 
changing mineralogy, and thus, changing the chemistry and the release of certain metals.  
Also, depending on the carbonation degree, the carbonation of a material can only affect 
external surfaces, or can change its entire structure.  For this reason, it is important to 
study the effects that carbonation has on the leaching of secondary constituents from 
waste materials.  Carbonation studies have included aging for concrete composites 
(MacVicar et al. 1999), where it was found that the induced laboratory testing was able to 
simulate natural aging.  A more detailed review of carbonation and its effects in concrete 
has been discussed elsewhere (Garrabrants 2001). 
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 Leaching evaluation 
 Leaching tests are a very useful tool to estimate the release of constituents of 
concern from granular materials, as is the case for concrete and concrete-derived 
materials used in highway applications.  However, given the complexity of the leaching 
process, there is no single leaching test that can provide a complete understanding of the 
leaching that would occur under different circumstances.  Because of this, there are 
different types of leaching tests that have been developed to provide a better 
understanding of the leaching processes under different conditions. 
Kosson et al. developed a framework for evaluation of leaching from secondary 
materials that provides specific leaching test methods and a hierarchical approach to 
testing and evaluation (Kosson et al. 2002).  Batch tests proposed in this framework are 
designed to measure the intrinsic leaching properties of a material and evaluate the 
release of constituents in the limiting case when the material is in chemical equilibrium 
with its surroundings. 
Column tests are designed to evaluate the release of constituents at local 
equilibrium conditions as a function of time.  This local equilibrium condition is possible 
due to the low flow rates through the column (220 mL/day).  The goal of column testing 
is to determine rates of constituent leaching during advective mass transport, assumed to 
be at local equilibrium, in order to understand the mechanisms of release at low LS ratios 
(Garrabrants et al. 2005).  Column tests account for constituent wash out at lower LS 
ratios, and the resulting change in solubility controlling phases (van der Sloot et al. 
2001).  A more extensive literature review on column testing is presented in Chapter 3. 
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 However, column tests are often time consuming, ranging in duration from a 
couple of weeks to years.  Alternatively, batch tests can be carried in shorter periods of 
time, varying from a couple of hours to days.  For this reason, and in order to provide a 
better tool for decision-making, it is important to understand the difference between 
leaching of constituents that occurs under batch testing and column testing.  Furthermore, 
it is necessary to establish conditions under which constituent release in batch testing can 
be extrapolated to obtain release from percolation conditions, and to identify key 
disagreements between the two testing modes. 
 
Geochemical speciation modeling 
Geochemical speciation models become an important tool when only batch data 
are available for a given material.  These models have the ability to predict the possible 
controlling phases that will determine the behavior of the material in the long-term.  
LeachXS, a database system created for material characterization, was used to obtain the 
chemical speciation dictating the solubility of the principal mineral phases, and is being 
used to evaluate the ability to predict the constituent solubility in the long-term.  
LeachXS and the modeling background are explained in detail in Chapter 2 and 
elsewhere (van der Sloot et al. 2003). 
 
Objectives 
 The objectives of this research are:   
1) to develop a protocol for laboratory carbonation of granular concrete specimens, 
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 2) to evaluate the difference between leaching of constituents from laboratory 
formulated concrete that occurs under equilibrium testing and leaching that occurs 
under column testing of “non-aged” concrete and concrete that has been subjected 
to carbonation,  
3) to evaluate the predictability of column results, when considered a surrogate for 
field conditions, based on batch tests, and based on this, to recommend guidelines 
for batch interpretation of species, and 
4) to compare the solubility obtained from batch data of “non-aged” and carbonated 
laboratory formulated concrete to the solubility predicted by geochemical 
speciation using LeachXS. 
 
Materials and Methods 
 
Materials 
Laboratory Formulated Concrete (LFC) is a synthetic matrix composed of 
cement, sand, and metal oxides.  The LFC was made in the laboratory, following a 
previously tested concrete recipe presented in Table 5.1 (Garrabrants 2001). 
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 Table 5.1.  LFC composition. 
Component Weight % 
Ordinary Portland Cement 36.0 
Sand 49.1 
Water 12.7 
As2O5 (hydrate) 0.45 
CdO 0.34 
CuO 0.37 
PbO 0.29 
ZnO 0.37 
NaCl 0.29 
Water / Cement 0.35 
Cement / Waste 0.70 
 
The matrix was created adding metal oxide powders to a mixture of ordinary 
Portland cement, sand, and water.  The oxides added were oxides of the following 
species: As, Cd, Cu, Pb and Zn.  These elements were chosen because of their wide range 
of solubility behavior at different pH values.  Sodium chloride was added as a source of 
tracer ions (Na, Cl) with high and non-pH-dependent solubility. 
The material was poured in plastic rectangular containers and cured, at room 
temperature (20 ± 3 °C), in the presence of NaOH to scavenge the CO2 present.  After its 
production, the material was sent to a local laboratory to be crushed using a combination 
of a jaw crusher and rock hammer.  This process took nearly 2 months, due to the amount 
(200 lbs) and hardness of the material, and it is assumed the aging/carbonation process 
started in this time, as it was not possible to keep it inside an airtight container with 
NaOH while at the premises.  The material was crushed to a maximum particle size of 
1.22 cm, as this was the minimum particle size that could be reduced by the jaw crusher.  
This material was used in the columns, and further reduced to 2 mm, using a combination 
of laboratory jaw crusher and mortar and pestle, for batch testing. 
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 A small portion of each material was saved for X-ray fluorescence (XRF) analysis 
and neutron activation analysis (NAA) for total element analysis, and X-ray diffraction 
(XRD) and scanning electron microscope (SEM) analysis for possible mineral phases 
present.  Particle size distribution and moisture content were also analyzed.  The rest of 
the material was separated for chemical characterization.  Moisture content of the 
materials was measured “as received” following ASTM D 2216-92 (ASTM 1992).  In 
this test, a sample is dried in an oven temperature of 110°±5°C to a constant mass.  The 
measured moisture content was 6.3%.  Total composition of LFC was measured by XRF 
analysis using a TN Technologies model Spectrace 9000 (Table 5.2). 
XRD suggested the presence of various types of silicates.  SEM analysis 
confirmed Ca and Si as the major components of the sample analyzed and a picture is 
presented in Figure 5.1. 
 
Table 5.2.  Total composition for LFC from XRF analysis. 
Element 
Concentration 
(mg/Kg) 
Standard 
deviation 
Ag 137 21 
As 3030 162 
Ba 49 4 
Ca 181967 742 
Cd 2797 49 
Cr  537 103 
Cu 2240 164 
Fe 6507 479 
K 19353 412 
Mo 18 5 
Pb 1874 91 
Sn 32 17 
Sr 138 15 
Th 40 12 
Ti 632 94 
Zn 2243 134 
Zr 125 10 
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Si, Ca
Si, Ca, Fe
 
Figure 5.1.  SEM image from LFC. 
 
 Particle size distribution of the material after crushing was determined using 
ASTM D 1511-98 (ASTM 1998).  In this test, material passing specific mesh sizes was 
measured (Figure 5.2), with 55% of the material being retained by the 2 mm sieve, and 
the rest of the material being finer. 
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Figure 5.2.  Particle size distribution for LFC. 
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 Methods 
 The total LFC produced and crushed was separated in half.  One half was used to 
start column experiments for that “non-aged” condition immediately.  Sample preparation 
for batch testing took approximately two weeks and most likely minor carbonation of the 
“non-aged” material occurred at this time.  The other half was subjected to the basic 
carbonation process, which consisted in exposing the material to an atmosphere of a 
mixture of 20% CO2-80% N2.  This process was performed in pressurized 2.5 and 5 gal 
paint tanks (PT 798 Series, Federal Equipment Series, Co.), where conditions of 
atmosphere could be controlled; the level of CO2 was maintained at 20% inside the 
chamber by monitoring the chamber pressure and keeping it constant at 1.36 atm (20 psi). 
The concrete was carbonated for 3 weeks in a room where the temperature remained 
constant at 35°C (Figure 5.3).  After the carbonation period, column experiments were 
started, and the remaining material, already carbonated, was crushed to a maximum 
particle size of 2 mm for batch testing.  Carbonation, batch and column testing protocols 
are explained in the following sections.  Geochemical speciation methodology is 
explained in detail in Chapter 2 and in the modeling results section below. 
 
Carbonation 
An experiment was carried out to measure the extent of carbonation and its effects 
on the particle size of the material.  Flow from a 100% CO2 tank was combined with flow 
from a 100% air tank passed through a water-saturated sand, in order to obtain a 20% 
CO2 humidified gas stream.  The expected 20% of CO2 was achieved by using flow 
meters to combine the flow of the two streams.  There were two containers for 
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 experimentation.  The first one only had the humidity (RH) given by the humidified 
stream of gas.  This was accomplished by passing the air stream through a sparger 
containing sand and glass wool, and filling it with water.  The second container contained 
a beaker filled with water to provide extra humidity (Figure 5.3).  The expected 
conditions were:  
1) 20% CO2 – 80% Air, 80% RH 
2) 20% CO2 – 80% Air, 40% RH 
 
a) 
Air CO2
Pressurized containers
Flow meters
Water-
filled 
sparger
 
 
 
 
 
 
 
b)  
Figure 5.3.  Carbonation experiment: a) apparatus, b) pressurized chambers. 
 
In order to investigate the effects of particle size in the carbonation process, two 
sets of samples were carbonated under each condition: 
1. Particle size < 2 mm (batch testing maximum particle size) 
2. Particle size < 2 cm (column testing desired particle size) 
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 The carbonation took place in a constant temperature room (35°C) in pressurized 
containers.  Every day while the experiment was in progress, the humidity present in each 
container was measured with a hygrometer.  For the complete humidity measurements 
refer to Appendix A.  The samples were stirred daily (by hand) to maximize the contact 
of all particle surfaces with the CO2 atmosphere.  The amount of carbonation was 
measured at different intervals: 3, 7, 14, 21, 28, and 35 days. 
For materials with a maximum particle size of 2 mm, a sample of 0.1 g was 
placed inside a 5 mL vial with a septa lid.  A 5 mL syringe was inserted in the lid.  Then, 
0.1 mL of nitric acid (trace metal grade) was injected into the vial, covering the sample 
entirely.  The volume displaced in the 5 mL syringe was assumed to be the CO2 produced 
by the reaction.  It was also assumed that there was no friction in the displacement of the 
syringe.  The displacement can be observed in Figure 5.4.  For materials with a maximum 
particle size of 2 cm, the procedure was similar, changing the sample size to 0.3 g, and 
the volume of acid added to 0.3 mL.  The injection took place in a 15 mL vial.   
 
a) b)  
Figure 5.4.  Carbonation degree measurement:  a) before acid injection, b) displacement 
after acid injection. 
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 Batch testing 
 Batch experiments consisted of two tests: solubility and release as a function of 
pH, SR002.1, and the solubility and release of constituents as a function of LS ratio, 
SR003.1 (Kosson et al. 2002).  Procedures for both protocols were summarized in detail 
in Chapter 4 and provided in detail elsewhere (Garrabrants et al. 2005). 
 
Column testing 
The effect of different types of column flow in the release of constituents from the 
material was studied by comparing data from continuous saturated flow columns and 
intermittent unsaturated flow columns.  The methodology is explained in detail in 
Chapter 3.  Both types of column flow conditions were carried out until a LS ratio of 10 
mL/g was achieved.  Samples were taken at equal time intervals between the established 
LS ratios.  Solution pH and conductivity were recorded.  Samples were filtered and 
analyzed as explained previously. 
 
Results and Discussion 
 Results presented here include carbonation data and the optimal conditions to 
obtain a carbonated concrete sample.  The results also show the different release of 
constituents of concern from LFC under “non-aged” and “aged” or carbonated 
conditions.  pH and conductivity of the samples are presented as a function of LS ratio 
for column experiments, and as a function of milliequivalents of acid/base added for 
batch testing. 
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 The elements presented here are the elements that were shown to be present in 
higher amounts in the solid samples (e.g., Ca and K).  Also shown are elements that are 
representative of the behavior of highly soluble species (Na and Cl) as a function of LS 
ratio, as well as elements that are representative of pH-dependent behavior (As, Cd, Cu, 
Pb and Zn).  For each case, a residual is presented for the discrepancy between release of 
constituents from the material when tested under batch and column conditions as a 
function of LS ratio.  This residual is a tool in the identification of column predictability 
based on batch tests and its calculation was presented in Chapter 4.  A complete set of 
experimental results, provided in Appendix B, includes other highly soluble species 
(SO4) and pH-dependent species (Al, Ba, Fe, Mg, Se and Sr).  In this dissertation, the 
term “good agreement” is used when the difference between batch and column results, or 
experimental and modeling results, is less than one order of magnitude. 
Solubility and speciation results from LeachXS are presented for representative 
materials.  A complete set of modeling results is presented in Appendix C. 
 
Carbonation 
It was assumed that all volume displacement after acid injection was due to CO2 
production.  Extent of carbonation for LFC (g of CO2 produced / kg of material) is shown 
in Figure 5.5.  In the sample name “x-LFC-y”, x stands for low (1) or high (2) humidity, 
and y stands for particle size (2 mm or 2 cm).  The average low humidity level was 20% 
and the high level was 76%.  Higher humidity results in a slight increase of carbonation 
degree in the samples.  This is in agreement with previous studies showing that partially 
filled pores lead to a faster rate of carbonation (Garrabrants 2001). 
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 Replication is fairly good due to the homogeneity of the material for both particle 
sizes.  Smaller particle sizes seem to experience a higher degree of carbonation than large 
particle sizes, which is expected due to the larger surface area present in smaller particle 
sizes.  Larger particle sizes had a smaller degree of carbonation, and this was later 
confirmed by the surface carbonation observed in column results.  After 15 days, the 
carbonation degree reached the highest level, so it is possible to assume that a sample that 
has been carbonated for 15 days or more has reached full carbonation under the 
conditions provided in this experiment. 
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Figure 5.5.  Carbonation data for LFC.  (1-LFC-2 mm: low humidity; 1-LFC-2 cm: low 
humidity; 2-LFC-2 mm: high humidity; 2-LFC-2 cm: high humidity). 
 
The recommended conditions for obtaining a carbonated sample are to place the 
material in a pressurized container with a carbon dioxide enriched atmosphere (20% CO2-
80%N2) for a minimum time of 15 days and with a relative humidity of at least 60%. 
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 pH and Conductivity 
LFC has a high buffering capacity; at least 10 meq acid/g are needed to reach a 
pH lower than 3 (Figure 5.6).  Natural pH is higher for non-aged material than for 
carbonated material; this difference is more significant at lower LS ratios (Figure 5.7).  
This may be an effect of carbonation degree through the particles of material, as 
carbonation occurred mainly in the surface of the larger particles that were later crushed 
exposing the not-fully-carbonated particle core.  Effect of carbonation is observed in the 
lower conductivity obtained in the carbonated leachates from batch testing (Figure 5.7).  
This decrease in conductivity can be explained by the loss of alkalinity of the material 
due to carbonation, and the decrease of ionic strength of the leachates. 
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Figure 5.6. pH and conductivity of LFC titration curve. 
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Figure 5.7. pH and Conductivity of LFC batch testing as a function of LS Ratio. 
 
The first carbonation attempt, which resulted in the material used for the 4-4 IC 
tests, resulted in a very superficial carbonation degree for the particles that only showed 
carbonation effects at very low LS ratios.  This can be observed in the pH and 
conductivity from the two intermittent carbonated data sets in Figure 5.8.  A second 
carbonation experiment was carried out with the remaining “carbonated” sample and this 
was used in the carbonated saturated column in the same figure, as well as in the batch 
characterization of the carbonated sample (Figures 5.6 and 5.7).  The drop of pH and 
conductivity as a result of carbonation can be observed.  Overall, the pH difference 
between the non-aged and the carbonated sample is not as dramatic as expected due to 
the fact that the non-aged material had been partially carbonated while being crushed by 
the outside laboratory. 
The pH of the samples obtained from the column 4-4 regime is not different than 
the regular intermittent unsaturated column regime.  pH from continuously saturated 
columns is lower than from intermittent unsaturated column (Figure 5.8).  Conductivity 
of leachates from intermittent unsaturated columns is slightly higher than from 
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 continuously saturated column.  No significant difference between the different 
intermittent regimes is observed (Figure 5.8). 
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Figure 5.8. pH and Conductivity of LFC column testing as a function of LS Ratio. 
 
Major constituents 
Ca, K, Na and Cl were considered representative species of major constituents 
and species with highly soluble behavior.  All elements show a good agreement between 
column and batch testing based on concentration and cumulative release.  Except for Cl, 
the release of the other non-pH dependent species considered here is lower for the 
carbonated concrete than from the non-aged concrete.  In the case of K (Figure 5.12) the 
cumulative release from carbonated material under column testing is higher than from 
batch testing.  However, this effect is not as significant when considering release as a 
function of LS ratio.  Most likely, the higher cumulative release for the carbonated case is 
due to the more constant release of K as a function of LS ratio (as opposed to significant 
differences between initial and final release).  For the rest of the constituents, the release 
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 from column testing is the same (e.g., Na) (Figure 5.11) or lower (e.g., Ca, Cl) (Figures 
5.9 and 5.10) than from batch testing. 
The column flow regime does not have an effect on the release of constituents, 
except in the case of Cl, where the release from the 4-4 column flow regime is almost an 
order a magnitude lower than the regular intermittent unsaturated and continuously 
saturated columns.  However, this could be due to carbonation of the material, as the Cl 
release from the 4-4 column flow regime is similar to the release from the carbonated 
material (Figure 5.10).  The higher residual values obtained for the carbonated cases are 
due to the great overestimation of batch testing in the carbonated case.  The residual 
values obtained from the comparison of these highly soluble constituents shows that 
cumulative release-based comparison is desired. 
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Figure 5.9. Ca release from LFC as a function of LS Ratio. 
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Figure 5.10. Cl release from LFC as a function of LS Ratio. 
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Figure 5.11. Na release from LFC as a function of LS Ratio. 
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Figure 5.12. K release from LFC as a function of LS Ratio. 
 
Minor constituents 
As, Cd, Cu, Pb and Zn were considered the representative species of pH-
dependent behavior.  Overall, the release of constituents from batch testing as a function 
of pH is in good agreement with the release of constituents from column testing for most 
of the elements, except for As release from carbonated material (Figure 5.13).  The 
difference between intermittent unsaturated and continuously saturated column flow is 
not significant in any of the cases.  However, there is a decrease in the release from the 4-
4 column flow regime, when compared to the other two flow regimes, as can be observed 
in all the cases except for Pb (Figure 5.16). 
The release from batch experiments from As does not entirely match other 
analysis of the same concrete recipe (Garrabrants 2001; White 2005).  The release from 
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 the non-aged sample is higher and does not have the same behavior, whereas the release 
from the carbonated matrix is more similar, except for higher release at very low pH 
values.  A possible explanation for this difference between results in this research and 
those obtained previously might be the pre-carbonation the material was subjected to 
prior its crushing (i.e., being exposed to the environment for 2 months while crushing 
was taking place), and the different carbonation methodology used in this research for 
crushing the larger amounts of concrete.  It has been suggested that As can become 
adsorbed to Ca-bearing hydroxide mineral surfaces and that the increase in solubility 
upon carbonation is due to the conversion of these materials to calcite (Garrabrants 
2001).  Re-speciation of Ca into calcite is observed in the carbonated sample modeling in 
LeachXS, supporting this explanation for the increased As release.  Liquid-solid phase 
partitioning diagrams for Ca obtained from LeachXS modeling are shown in Appendix C. 
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Figure 5.13. As release from LFC as a function of pH and LS Ratio. 
 
 Cd release is mostly in agreement with previous testing.  The cumulative release 
from batch testing is in good agreement with release from column testing, and cumulative 
release from carbonated material is lower than from non-aged material (Figure 5.14). 
Cu showed typical behavior except that release is lower at low pH values than 
previously reported.  Carbonation decreased the release of copper from the material by 
almost an order of magnitude.  This is observed in the release from both batch and 
column testing (Figure 5.15). 
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Figure 5.14. Cd release from LFC as a function of pH and LS Ratio. 
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Figure 5.15. Cu release from LFC as a function of pH and LS Ratio. 
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  Pb shows typical behavior of Pb(OH)2 dissolution, and the release is similar to 
what had been previously reported (Garrabrants 2001; White 2005).  The release of Pb is 
higher from non-carbonated sample at low pH values than from carbonated sample.  
Release from carbonated material is almost 2 orders of magnitude lower than from non-
carbonated material, and there is agreement of batch and column testing results for both 
aging conditions (Figure 5.16). 
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Figure 5.16. Pb release from LFC as a function of pH and LS Ratio. 
 
 For Zn, the release from batch testing is in agreement with release of column 
testing for non-aged and carbonated material (Figure 5.17).  Release from carbonated 
material is over an order of magnitude lower than from non-aged material. 
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Figure 5.17. Zn release from LFC as a function of pH and LS Ratio. 
 
Geochemical speciation modeling results 
The last versions of geochemical speciation modeling software LeachXS, 1.0.4.0 
and 1.0.4.1, were used to obtain the results presented in this research.  The solubility 
prediction results were based on batch results of release as a function of pH (SR002).  
Using the chemical speciation wizard, the minerals potentially controlling solubility were 
selected based on their saturation indices (SI); the species selected had SI ranging 
between –1 and 1.  After several iterations to obtain a better prediction, the minerals 
selected are shown in Table 5.5.  Mineral formulas are shown in Appendix D. 
No data were available for Si and CO3 species in solution, however, values 
assumed were 1 x 10 5 mg/kg for CO3 in the solid sample for both non-aged and 
carbonated materials, and 1 x 10 3 mg/kg of Si for non-aged material.  Additional 
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 assumed data included Si taken from an average of cement mortars in the LeachXS 
database (Cement mortar OPC I-F, -B, -can), shown in Table 5.4, and DOC values of 1 x 
10 –6 kg/L for samples at pH of 10 and above for non-aged material. 
 
Table 5.3.  Assumed Si concentration for non-aged LFC. 
pH Si 
3.1 8.00 x 10 3
4.1 4.60 x 10 3
7.0 2.00 x 10 3
8.9 1.05 x 10 3
9.9 1.05 x 10 3
10.9 7.50 x 10 2
11.4 3.70 x 10 2
12.2 1.50 x 10 2
 
Table 5.4.  Assumed Si concentration for carbonated LFC. 
pH Si 
2.1 8.00 x 10 3
3.9 4.20 x 10 3
4.7 3.60 x 10 3
5.3 3.30 x 10 3
6.5 2.85 x 10 3
8.9 2.00 x 10 2
9.1 1.90 x 10 3
9.9 1.40 x 10 3
10.9 4.18 x 10 2
11.9 1.24 x 10 2
 
Given that two conditions were evaluated (non-aged and carbonated), two 
approaches were taken to model the carbonated data.  The first approach was to change 
CO3 values and other simulation parameters (e.g., HFO, DOC, SHA) in the non-aged 
simulation to get a prediction similar to the carbonated measured data.  The second 
approach was to do the prediction starting from the carbonated measured data itself. 
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 Table 5.5.  Solubility controlling minerals for LFC. 
Element Non-aged LFC Carbonated LFC 
Al Boehmite,Al(OH)3 Al(OH)3
Ba Barite, Ba(SCr)O4 Barite, BaSrO4, 
Ca Portlandite, CSH_ECN,  
Ca-Olivine, CaMoO4, 
Ca2V2O7, CaPb4(PO4)3OH, 
CaPb3O(PO4)2
Portlandite, CSH_ECN,  
Calcite, Ca-Olivine, Diopside, 
Anhydrite,  
α-TCP 
Cd Cd(OH)2 Cd(OH)2
Cu Dioptase, Cu(OH)2 Dioptase, Cu(OH)2
Fe Fe3(OH)8,  Fe3(OH)8
Mg Brucite Brucite, Diopside 
Mn Birnessite, Hausmannite Birnessite, Manganite 
Pb Pb2SiO4, Pb2O3, Pb(OH)2, 
Pb2V2O7, PbHPO4, 
CaPb4(PO4)3OH, 
CaPb3O(PO4)2, PbMoO4
PbSiO3, Pb2O3, Pb(OH)2, 
PbMoO4, PbCrO4,  
SO4 Celestite, Ba(SCr)O4 Anhydrite, BaSrO4
Sr Celestite Strontianite 
Zn Willemite, Zincite, Zn(OH)2 Willemite, Zincite, Zn(OH)2
Note:  Other minerals included Ni(OH)2, Bunsenite, Carnotite, Ni2SiO4. 
 
 Ca, Cd, Cu, Pb and Zn were selected because they were representative of major 
constituents, highly soluble species and species of pH-dependent behavior, and they are 
part of the previously selected group of constituents used to study the difference between 
batch and column testing.  In each graph, the measured batch data is presented for non-
aged and carbonated material, along with the prediction from the non-aged material to 
both non-aged and carbonated conditions, and the prediction from the carbonated 
condition.  Discrepancies between predicted and measured data are presented as 
residuals.  These residuals were calculated as previously explained in Chapter 3, and are 
the logarithm of the ratio of predicted to measured data.  A residual of zero means the 
values are equal, positive values mean the predicted data are higher than the measured 
data, and negative values mean the predicted data are lower than the measured data. 
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  Changes between non-aged and carbonated material, in terms of prediction 
assumptions, include controlling the ettringite in solution by decreasing its value in the 
ORCHESTRA code by 30 orders of magnitude (as the model is under development, there 
are still some potential problems with ettringite formation, and this value is given to 
decrease ettringite precipitation in solution and show it as a mineral), and increasing 
availability values of Al, Ba, Cd, Cu, Fe, and decreasing availability values of SO4, Zn by 
± 10% of original values.  HFO was decreased from 1 x 10 –3 for non-aged material to 5 x 
10 –4 for carbonated material. 
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Figure 5.18.  Ca prediction from LFC as a function of pH. 
 
 For Ca, the prediction from non-aged material is in agreement with the measured 
data.  For the carbonated material, the prediction resulting from both non-aged and 
carbonated materials is in agreement at pH less than 9.  Above that value, the prediction 
from the non-aged material is higher than the measured carbonated data, and the 
prediction from the carbonated material is lower than the measured data (Figure 5.18).  
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 Calcite and Portlandite are the dominant species for both conditions, but for the 
carbonated case, HFO also had an impact on the solubility prediction. 
 For Cd, the predicted solubility for non-aged and carbonated material is higher 
than the measured data, but has a similar behavior.  The carbonated material solubility 
predicted from non-aged material is in agreement with the solubility predicted from 
carbonated material (Figure 5.19).  For both aging conditions, Cd(OH)2 and HFO are the 
solubility controlling species. 
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Figure 5.19.  Cd prediction from LFC as a function of pH. 
 
 In the case of Cu, the predicted solubility for non-aged and carbonated material is 
higher than the measured data at pH less than 8, and above that, the predicted solubility is 
lower than measured data.  The prediction of solubility in carbonated material from non-
aged material is very similar to the non-aged material solubility prediction, and higher 
than the prediction from carbonated material (Figure 5.20).  Solubility controlling species 
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 are Cu(OH)2 and HFO, and for the non-aged material, while the DOC-bound Cu also 
contributes to the prediction. 
 For Pb, the predicted solubility of the non-aged material is in good agreement 
with the experimentally measured concentration.  For the carbonated material, the 
predicted solubility from non-aged material is lower than the measured data at acidic pH 
values, and higher at pH values above 5.  In the case of the solubility predicted from non-
aged material, the prediction is higher than the measured data at acidic pH values, and 
lower at pH values above 8 (Figure 5.21).  The solubility controlling minerals are 
Pb(OH)2 and HFO, although in the non-aged material, HFO has a larger impact on the 
solubility. 
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Figure 5.20.  Cu prediction from LFC as a function of pH. 
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Figure 5.21. Pb prediction from LFC as a function of pH. 
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Figure 5.22.  Zn prediction from LFC as a function of pH. 
 
 For Zn, the solubility prediction for the non-aged material is higher than the 
measured data for the low and high ends of the pH range.  For the carbonated material, 
the solubility predicted both from the non-aged and the carbonated data is higher than the 
measured data, and the two predictions are generally in agreement (Figure 5.22).  The 
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 mineral phases controlling solubility for Zn are Zincite and HFO for both non-aged and 
carbonated material, as well as Willemite for non-aged material. 
 From the presented constituents, only Zn solubility in carbonated material is 
satisfactorily predicted from non-aged data; for the rest of the constituents, the prediction 
for the carbonated material based on non-aged material has more similarity to the non-
aged material than to the carbonated material.  Also, although the prediction and 
measured solubilities are not exactly the same for non-aged and carbonated materials, the 
predicted solubility behavior is in agreement with the measured data. 
Uncertainties in these prediction results were discussed in Chapter 2, and include 
mainly the lack of a complete sample analysis (including Si values), as well as the 
assumptions of Si and CO3 data for modeling purposes.  As mentioned previously, these 
results are preliminary, and the additional measured data (especially Si) will be critical 
for long-term prediction. 
 
Conclusions 
 Results indicate that a carbonated sample can be obtained after being exposed to a 
20% CO2-80% Air stream with a relative humidity of at least 60%.  However, at larger 
particle sizes, it is possible that only surface carbonation will occur, and this can be 
observed comparing pH values of batch and column testing.  The effect of carbonation of 
the sample was observed by the decrease of pH, from 13 to 11, of the samples resulting 
from batch and column testing. 
When considering release of constituents, results indicate that in most cases, there 
is good agreement between batch and column testing, and that there is not a significant 
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 difference between testing under different types of column flow (e.g. continuously 
saturated or intermittent unsaturated).  The only disagreement between batch and column 
data was found for As and K, where release from column testing was higher than from 
batch testing.  Results show that major and highly soluble species, such as Ca, K, Na and 
Cl are released faster in intermittent unsaturated columns, as shown by conductivity 
values and actual release from these species.  This faster release might be due to the 
presence of preferential flow paths existing in the columns running down flow with 
intermittent unsaturated flow.  After a LS ratio of 5 mL/g there is no significant 
difference in the pH and conductivity values, or in constituent release between the 
different types of column flow regime.  The effect of carbonation in the release of highly 
soluble species can be observed in the lower release of Na and K from batch testing.  For 
column testing, carbonation had a major effect on Cl release, lowering it by almost 2 
orders of magnitude and Ca release, lowering it by an order of magnitude. 
For the pH-dependent species, the release of Cd, Cu, Pb and Zn from batch testing 
was lower in the carbonated material than in the non-aged material, as was the case for 
the release from column testing.  However, in the case of As, the release from batch 
testing was very similar for both aging conditions, and the release from column testing of 
the carbonated material was almost 2 orders of magnitude higher than from the non-aged 
material.  This higher As solubility in carbonated material has been observed previously 
and can be explained by calcium minerals re-speciation into calcite and decalcification of 
the CSH species in the cement. 
Preliminary modeling results were obtained for the non-aged material based on 
the non-aged data, and for the carbonated material based on non-aged and carbonated 
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 data.  Solubility prediction results for the non-aged material were reasonable, as were the 
solubility prediction results for the carbonated material.  However, when predicting 
solubility from carbonated material based on non-aged measured data, only Zn solubility 
was satisfactory.  These disagreements have the potential to be improved with further 
experimental work and sample characterization.  The modeling results provide a strong 
foundation for long-term prediction of constituent release as the speciation software 
continues to be developed. 
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 CHAPTER VI 
 
THE EFFECTS OF DIFFERENT WEATHERING CONDITIONS IN THE 
RELEASE OF CONSTITUENTS FROM MSWI BOTTOM ASH 
 
Abstract 
Bottom ash has been widely used in highway applications.  However, it is known 
that bottom ash undergoes different aging stages, and while in use, these changing aging 
or carbonating conditions will have an effect on its chemistry, decreasing the pH of the 
material.  Also, during use, bottom ash will experience intermittent infiltration as a 
consequence of precipitation events.  This study evaluates the effect of carbonation and 
different types of column flow in the release of constituents from a MSWI bottom ash, 
and includes a comparison of release of constituents when tested under batch and column 
experiments.  This study also presents preliminary geochemical speciation modeling 
results for the solubility prediction of constituents from bottom ash based on batch data.  
Results showed that carbonation reduces the pH of the leachates and reduces the release 
of constituents, except for Ba.  There is no significant difference between different types 
of column flow, and in most cases, there is agreement between batch and column testing 
release, except for Ba.  Solubility predictions were obtained for the non-aged material 
based on non-aged material data, and for the carbonated material based on both non-aged 
and carbonated material.  Predictions based on the existing aging condition (i.e., non-
aged solubility prediction based on non-aged data) were satisfactory, and prediction of 
the carbonated material based on non-aged data was satisfactory for Ca, Pb and Zn. 
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 Introduction 
 Bottom ash is derived from municipal solid waste incineration (MSWI).  It has a 
porous, grayish appearance and is mainly composed of grate ash and small amounts of 
other inert and non-combustible components such as glass, ceramics, and metals (IAWG 
et al. 1997).  Most of the ash produced in the United States is used as a landfill cover 
material, but there have been extensive studies that have focused on the potential for 
using bottom ash as an aggregate in concrete, and highway applications both in the 
United States and Europe.  However, there is some concern about the potential impacts 
that using bottom ash in these applications could pose to the surrounding environment as 
well as for the usage application itself. 
Bottom ash is mainly composed of silica (SiO2), alumina (Al2O3), iron oxide 
(Fe2O3), and calcium oxide (CaO), with smaller quantities of other oxides (Mg, K, Na 
and S) (Vipulanandan et al. 1998), and has been normally classified as a “non-hazardous” 
material.  However, it has a high salt content and trace metal concentrations, including 
elements such as Pb, Cd, and Zn, and because the concentrations of these elements are 
higher in bottom ash than in the typical aggregate materials there is concern for the 
leaching of these constituents when used in highway applications (Freyssinet et al. 2002). 
Also, because of the high sulfate and chloride content, bottom ash has shown 
corrosive properties when used in contact with metal structures, and a susceptibility to 
degradation when used in compaction and loading environments.  For this reason, bottom 
ash has not been widely used as aggregate for highway construction, although it has been 
used for shoulder construction, where the durability and gradation requirements are not as 
critical.  However, MSWI bottom ash that has been processed to remove ferrous and 
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 nonferrous metals, washed to remove salts, and sorted to achieve the appropriate particle 
size gradation that can be blended with other aggregates for use in an asphalt paving mix 
with acceptable results (Griffiths 2002).  Bottom ash has also been used for ice and snow 
control, but this has resulted in the plugging of the drainage structures (Griffiths 2002).  
Also, the high salt content of bottom ash has the potential of interfering with the curing of 
concrete, and it could affect its strength. 
Bottom ash has a high potential for aging, and its characteristics tend to change 
with time as it is exposed to the atmosphere.  There are three major stages of weathering 
that have been identified in bottom ash: unweathered bottom ash with pH > 12, quenched, 
non-carbonated bottom ash with pH 10-10.5, and carbonated bottom ash with pH 8-8.5 
(Meima et al. 1999).  Ca minerals and CO2 mainly control the pH of bottom ash, as the 
alkaline material initially takes the CO2 present in the atmosphere.  These effects become 
more predominant for the unweathered and quenched, non-carbonated bottom ash.  The 
change of pH in these major types of ash plays an important role, as the solubility and 
complexation of some trace metals is highly dependent on the pH of the solution, and in 
some cases, a decrease in pH has a positive effect from an environmental point of view.  
Leaching of Cd, Pb, Cu, and Zn is lower in weathered ash than in other types of ash.  
This is due to the neutralization of the pH and the formation of less soluble species of 
these elements as weathering continues (Meima et al. 1999; Freyssinet et al. 2002).  
Carbonation also leads to solidification or hardening of bottom ash (Freyssinet et al. 
2002). 
Carbonation, however, is not the only effect that weathering has in bottom ash.  
As weathering continues, new phases form and lead to secondary mineral species that 
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 have also been studied (Piantone et al. 2004).  Extensive information on bottom ash and 
its properties, as well as weathering effects, can be find elsewhere (IAWG et al. 1997). 
As discussed in Chapters 4 and 5, the leaching process is complex, but several 
effective leaching tests can be used to investigate the release of constituents under 
different conditions.  As proposed in the leaching evaluation framework proposed by 
Kosson et al. (Kosson et al. 2002), batch tests are designed to measure the intrinsic 
leaching properties of a material and evaluate its constituent release.  Column tests are 
more appropriate to investigate local equilibrium in field conditions, release at low LS 
ratios (Garrabrants et al. 2005) and constituent washout, including its effects in the 
change of solubility controlling phases (van der Sloot et al. 2001). 
Column tests often are more time consuming than batch experiments, and so 
batch experiments are preferred as a decision-making tool.  For this reason, it is important 
to understand the difference between leaching of constituents that occurs under batch 
testing and column testing.  Furthermore, it is necessary to establish conditions under 
which constituent release in batch testing can be extrapolated to obtain percolation 
release, and to identify key disagreements between the two testing modes. 
Geochemical speciation modeling is also an important tool to predict the possible 
controlling phases that will affect the behavior of the material in the long term, based 
only on batch data for a given material.  LeachXS, a database system created for material 
characterization, was used to obtain the chemical speciation dictating the solubility of the 
principal mineral phases, and is being used to evaluate the ability to predict the 
constituent solubility in the long-term.  LeachXS and the modeling background are 
explained in detail in Chapter 2 and elsewhere (van der Sloot et al. 2003). 
 149
  The objectives of this research are:   
1) to age bottom ash under different conditions,  
2) to evaluate the difference between leaching of constituents from bottom ash that 
occurs under equilibrium testing and leaching that occurs under dynamic testing 
of “non-aged” bottom ash and bottom ash that has been subjected to different 
aging processes, and  
3) to evaluate the predictability of column results, when considered as a field 
simulation, based on batch tests and based on this, to recommend guidelines for 
batch interpretation of species, and 
4) to predict the release of constituents from “non-aged” and aged bottom ash using 
LeachXS. 
 
Materials and Methods 
 
Materials 
The bottom ash used in this project is the by-product of in the combustion of 
municipal solid waste.  The bottom ash utilized in this project was freshly quenched as 
obtained from the Nashville Thermal Plant in 2001.  Three samples, collected at 
approximately 2-3 hour intervals during the course of each day, were collected each day 
over a period of 5 days.  A total of 15 samples were collected.  These samples were field-
screened to a particle size smaller than 2”, and were collected in plastic 5-gallon buckets.  
Upon arrival to the laboratory, the material in all buckets was heterogenized by screening 
it over 4 different containers (Figure 6.1). 
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Figure 6.1.  Mixing of bottom ash. 
 
A small portion of each material was saved for X-ray fluorescence (XRF) analysis 
and neutron activation analysis (NAA) for total element analysis, and X-ray diffraction 
(XRD) and scanning electron microscope (SEM) analysis for possible mineral phases 
present.  Particle size distribution and moisture content were also analyzed.  The rest of 
the material was separated for chemical characterization.  Moisture content of the 
materials was measured “as received” following ASTM D 2216-92 (ASTM 1992).  In 
this test, a sample is dried in an oven temperature of 110°±5°C to a constant mass.  The 
measured moisture content was 25.57%.  Total composition of BAwas measured by XRF 
(Table 6.1), and also by NAA (Table 6.2). 
 
Table 6.1.  Total composition for BA from XRF analysis. 
Element 
Concentration  
(mg/kg) 
Standard 
deviation 
Ba 623 26 
Ca 133917 870 
Cu 1630 146 
Pb 1918 99 
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 Table 6.2.  Total composition for BA from NAA analysis. 
Element Concentration  (mg/kg) 
Ag 7.6 
As 47 
Au 0.11 
Br 28 
Cd 3500 
Ce 4.8 
Co 11 
Cr 110 
Cs 0.58 
Eu 0.16 
Fe 88000 
Hf 2.1 
Hg 2.6 
Hg 0.83 
Hg 1.5 
Ho 17 
In 24 
Ir 0.01 
K  60000 
La 11 
Lu 0.29 
Mo 170 
Na 31000 
Nd 12 
Ni 3700 
Pr 120 
Rb 34 
Re 500 
Ru 200 
Ru 17 
Sb 290 
Sc 1.8 
Se 160 
Sm 2.4 
Sn 500 
Sr 240 
Ta 0.61 
Tb 1 
Te 0.72 
Th 2.1 
Tm 5.0 
U  5.7 
W  48 
Yb 1.1 
Zn 2500 
Zr 170 
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  SEM and XRD analyses were also performed on BA.  XRD suggested SiO2 and 
CaCO3 as the main species.  The presence of calcite in the material suggests that 
weathering (carbonation) had already started as bottom ash was mixed and heterogenized 
before testing.  SEM suggested Si, Ca and Fe as the main elements in ash particles 
(Figure 6.2). 
 
Na, Si, Ca, ONa, Si, Ca, Fe
Si, Ca, Fe
 
Figure 6.2.  SEM image from BA. 
 
 Particle size distribution of the material was determined using ASTM D 1511-98 
(ASTM 1998).  In this test, material passing specific mesh sizes was measured.  Results 
are shown in Figure 6.3.  Around 48% of the material was collected by the 2 mm sieve, 
and 55% of the material was finer than 2 mm. 
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Figure 6.3.  Particle size distribution for BA. 
 
Methods 
 
Aging 
 The aging for bottom ash included exchange with 100% N2, 100% air, and a 
mixture of 20% CO2-80% N2.  These aging processes were performed in pressurized 2.5 
and 5 gal paint tanks (PT 798 Series, Federal Equipment Series, Co.), where conditions of 
atmosphere could be controlled (Figure 6.4).  For the 100% N2 and 100% air 
atmospheres, the relative humidity was maintained at 100% by passing the inflow gas 
through a water sparger containing sand and glass wool to keep the moisture.  For the 
20% CO2 – 80% N2 mixture, the level of CO2 was maintained at 20% inside the chamber 
by monitoring the chamber pressure and keeping it constant at 1.36 atm (20 psi).  The ash 
was aged under the different environments for 4 weeks in a room where the temperature 
remained constant at 35°C.  Material would be stirred weekly.  The results for a more 
detailed carbonation-only procedure, and the optimum times for obtaining a fully 
carbonated bottom ash sample are shown in Appendix A. 
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Figure 6.4.  Aging of BA. 
 
Batch testing 
 Batch testing consisted of two tests: solubility and release as a function of pH, 
SR002.1, and the solubility and release of constituents as a function of LS ratio, SR003.1 
(Kosson et al. 2002).  Procedures for both protocols were summarized in Chapter 4 and 
Chapter 5, and are provided in detail elsewhere (Garrabrants et al. 2005). 
 
Column testing 
The effect of different types of column flow on the release of constituents from 
the material was studied by comparing data from continuous saturated flow columns (SC) 
and intermittent unsaturated flow columns (IC).  Two replicates were run for each 
material condition (non-aged, aged under N2, aged under air, and aged under CO2 
atmospheres) and there were a total of 16 columns.  All tests were carried out until 
reaching a LS ratio of 10 mL/g.  IC columns were stopped for 4 days every time one of 
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 the following LS ratios was reached: 0.1, 0.2, 0.5, 1, 2, 5 and 10 mL/g.  SC columns ran 
continuously until reaching a LS ratio of 10 mL/g.  Samples were taken at equal time 
intervals between the established LS ratios.  Solution pH and conductivity were recorded.  
Samples were filtered and analyzed as explained previously.  The complete methodology 
is explained in detail in Chapter 3 and Chapter 5.  
 
Results and Discussion 
 Results presented here show the different release of constituents of concern from 
batch and column testing of non-aged and aged BA.  In terms of aging experiments, BA 
aging was the first to be tested, and it was concluded that there was no major difference 
between the “non-aged” and the material aged under a 100% Air, 100% N2 and 20% 
CO2-80%N2 atmospheres in terms of pH and conductivity, as well as release of 
constituents in column testing.  For this reason, only non-aged and carbonated BA data 
are shown in the graphs.  pH and conductivity of the samples are presented as a function 
of LS ratio for column experiments, and as a function of milliequivalents of acid/base 
added for batch testing.  The elements presented are the elements that are representative 
of major constituents and highly soluble constituents (e.g., Ca, Cl, Na) or pH-dependent 
behavior (e.g., Cd, Cu, Pb, Zn).  Results for Al, As, Ba, Fe, K, Mg, Se, SO4 and Sr can be 
found in Appendix B.  Complete speciation modeling results are presented in Appendix 
C. 
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 pH and Conductivity 
BA has a small buffering capacity; around 5 meq acid/g were required to change 
the pH of the sample from 12 to 4 (Figure 6.5). 
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Figure 6.5. pH and conductivity of BA titration curve 
 
There is good agreement, in terms of pH values, between batch and column 
testing.  For the non-aged material and the material aged under air and N2, the pH in the 
batch testing is lower; this could be due to the fact that batch testing requires for the 
material to be particle size reduced, and this was done in an open environment, allowing 
for some early carbonation process to take place and lowering the pH of the material.  
Figure 6.6 shows that there is not a significant effect from the type of column flow in the 
pH values of the solution.  These ANC curve is in agreement with other research 
(Polettini et al. 2004) 
Conductivity of the leachates was also measured.  For the intermittent unsaturated 
flow experiments (Figure 6.7) there is a great decrease in conductivity values at low LS 
ratios from the leachates due to a relaxation of the concentration gradient of the soluble 
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 species (i.e., salts) as they are released from the columns.  Above a LS ratio of 2 there is 
not a significant change in conductivity values, possibly due to the depletion of alkali 
salts from the material.  This also can be seen, to a lesser degree, in the continuous 
saturated columns (Figure 6.8), where the conductivity reaches a value around 1 mS/cm 
after a LS ratio of 2-3.  Conductivity of samples is higher in batch testing than in column 
testing by almost an order of magnitude, as can be seen in Figures 6.7 and 6.8.  
Conductivity of intermittent unsaturated columns is initially higher than for continuously 
saturated columns.  However, near LS ratios of 1 mL/g, the conductivity for IC is lower 
than for SC by as much as an order of magnitude.  Final conductivity values are slightly 
higher for saturated columns than from intermittent columns. 
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Figure 6.6. pH and Conductivity of BA batch testing as a function of LS Ratio. 
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Figure 6.7. pH and conductivity of all BA cases IC column testing as a function of LS 
Ratio. 
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Figure 6.8. pH and conductivity of all BA cases SC column testing as a function of LS 
Ratio. 
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Figure 6.9. pH and conductivity of non-aged and carbonated BA column testing as a 
function of LS Ratio. 
 
Major constituents 
Ca, Cl and Na were the species considered representative of major constituents 
and species with high-solubility behavior.  All elements showed a good agreement 
between column and batch testing based on a concentration and cumulative release.  Ca 
release was very gradual, as can be observed in Figure 6.10.  There was not a significant 
difference between release from different aging techniques, and the batch and column 
testing for both the non-aged and the carbonated material are in agreement. 
Cl concentration as a function of LS ratio is displayed in Figure 6.11.  The release 
as a function of LS ratio shows an initial higher release of Cl from the batch testing than 
from column testing.  Release from the carbonated material is higher than for the non-
aged material at low LS ratios, but at higher LS ratios (10 mL/g), the release from the 
carbonated material is almost an order of magnitude lower than from non-aged material.  
The release from batch and column testing is in agreement when compared on a 
cumulative basis. 
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Figure 6.10. Ca release from BA as a function of LS Ratio. 
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Figure 6.11. Cl release from BA as a function of LS Ratio. 
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 Batch testing overestimates the column leaching concentrations of Na as a 
function of LS ratio.  However, when comparing the cumulative release, the results are 
very consistent between both tests.  The Na release from IC columns decreases faster 
than from the SC columns, but release from SC at higher LS ratios is higher for both non-
aged and carbonated material than it is from IC columns.  Carbonation of samples does 
not have a noticeable effect on sodium release as it does on calcium release (Figure 6.12). 
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Figure 6.12. Na release from BA as a function of LS Ratio. 
 
Minor constituents 
Ba, Cd, Cu, Pb and Zn were considered the minor constituents, including species 
representative of pH-dependent behavior.  The release of constituents from batch testing 
as a function of pH seemed to be in good agreement with the release of constituents from 
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 column testing for most of the elements.  In most cases, batch testing was a conservative 
estimate of column testing, as can be seen in Appendix B.  For most of the cases there 
was no real effect of the different column flow regimes in the release of constituents. 
For Ba, the column release from non-aged material as a function of pH varied 
widely (0.01-2 mg/L) as the Ba species were being washed out of the column, whereas 
for the carbonated material the variation waswithin a more defined concentration range 
(0.03-0.1 mg/L).  No significant effect of column regime is observed in the release of Ba.  
On a cumulative basis, the release from non-aged bottom ash was slightly higher than 
from carbonated material (Figure 6.13).  The Ba release from the non-aged material in 
batch testing is in general agreement with other studies (IAWG et al. 1997), where it has 
been found that the leachability of Ba shows a decrease above pH values of 12. 
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Figure 6.13. Ba release from BA as a function of pH and LS Ratio. 
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 Cd release (Figure 6.14) shows typical behavior of a certain class (type C) of 
bottom ash as a function of pH, and is consistent with previous research (IAWG et al. 
1997; Meima et al. 1998; Meima et al. 1999).  Under batch conditions, the release from 
non-aged material as a function of pH is higher than the release from carbonated material, 
and as a function of LS ratio, there is not a significant difference between non-aged and 
carbonated material.  For column testing, the release is higher for the non-aged material, 
and this difference is more significant at low LS ratios. 
 For Cu (Figure 6.15), the release from non-aged material was significantly higher 
at low pH values, but after a pH of 6, there is no significant difference in the release of 
Cu from non-aged material and carbonated material.  This is in agreement with previous 
studies (IAWG et al. 1997; Meima et al. 1998; Meima et al. 1999; Meima et al. 2002).  
Also, there is no significant difference in the release from batch and column testing, as 
can be observed in the cumulative release of this constituent. 
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Figure 6.14. Cd release from BA as a function of pH and LS Ratio. 
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Figure 6.15. Cu release from BA as a function of pH and LS Ratio. 
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  Pb exhibits typical pH-dependent behavior that has been observed previously 
(IAWG et al. 1997; Meima et al. 1998; Meima et al. 1999) (Figure 6.16).  The 
concentration of Pb from the IC samples varies from 0.01 to 1 mg/L, while the 
concentration of Pb from the SC samples is more constant around 0.005-0.01 mg/L.  The 
release from carbonated material is more than an order of magnitude smaller than from 
the non-aged material, as can be seen both from batch and column testing results in a 
cumulative basis.  This is in agreement with several bottom ash studies (IAWG et al. 
1997; Meima et al. 1999; Freyssinet et al. 2002). 
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Figure 6.16. Pb release from BA as a function of pH and LS Ratio. 
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Figure 6.17. Zn release from BA as a function of pH and LS Ratio. 
 
Zn release shows typical pH-dependent behavior observed previously (IAWG et 
al. 1997; Meima et al. 1998; Meima et al. 1999) (Figure 6.17).  Under batch conditions, 
there is no significant difference in the release from non-aged and carbonated materials as 
a function of pH and LS ratio.  For column testing, the release of Zn is slightly higher for 
the non-aged material at low LS ratios, but this difference is not significant at higher LS 
ratios. 
 
Geochemical speciation modeling results 
The latest versions of geochemical speciation modeling software LeachXS, 
1.0.4.0 and 1.0.4.1, were used to obtain the results presented in this research.  The 
solubility prediction results were based on batch results of release as a function of pH 
(SR002).  Using the chemical speciation wizard, and after a couple of solubility 
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 prediction iterations to get a better fit, the minerals potentially controlling solubility were 
selected based on their saturation indices (SI), chosen in the range of -1 to 1.  Table 6.4 
shows the solubility controlling minerals for both aging conditions.  Mineral formulas are 
shown in Appendix D. 
Si values were not available for the samples, and were initially assumed based on 
similar bottom ash previous experiments that have been entered into the LeachXS 
database (MSWI BA Austria).  Assumed values for Si are included in Table 6.3. 
 
Table 6.3.  Si initial assumptions for BA. 
pH Si 
3.28 2.5 x 10-2
4.72 5.0 x 10-3
5.65 1.9 x 10-3
7.32 4.0 x 10-4
9.40 6.0 x 10-5
11.77 7.3 x 10-5
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 Table 6.4.  Solubility controlling minerals for BA. 
Element Non-aged BA Carbonated BA 
 
Al Hercynite Al(OH)3, Laumontite 
Wairakite 
Ba Ba(SCr)O4 (96% SO4), 
Ba(SCr)O4 (77% SO4), 
BaSrSO4 (50% Ba), BaCrO4
Ba(SCr)O4 (96% SO4), 
BaSrSO4 (50% Ba) 
Ca Gypsum, Calcite, 
Wollastonite, CaMoO4(c), 
P-Wollastonite, CSH_ECN,  
alpha-TCP, CaCu4(PO4)3OH, 
OCP, Ca2Zn(PO4)2, 
Ca3Zn2(PO4)3 OH, 
Tyuyamunite 
Wairakite, CSH_ECN, alpha-
TCP, Ca2Cd(PO4)2, 
CaMoO4(c), Ca2Pb2O(PO4)2,  
Ca3(VO4)2
Cd Cd(OH)2, CdSiO3, Otavite Ca2Cd(PO4)2 
Cr Ba(SCr)O4 (96% SO4), 
Ba(SCr)O4 (77% SO4), 
BaCrO4, PbCrO4, SrCrO4, 
CuCrO4
Ba(SCr)O4 (77% SO4), 
PbCrO4
Cu CuCrO4, Tsumebite, 
CaCu4(PO4)3OH 
Dioptase 
Fe Hercynite, Fe2(MoO4)3 Fe3(OH)8, Fe_Vanadate, 
FeAsO4:2H2O 
Mg Brucite Sepiolite 
Mn Rhodrochrosite, Bixbyite, 
Hausmannite 
Rhodochrosite, Manganite 
Mo CaMoO4(c), Fe2(MoO4)3 CaMoO4(c) 
Ni NiCO3, Ni(OH)2 Bunsenite 
Pb PbCrO4, Anglesite, 
Tsumebite, Pb2O3, Pb3(VO4)2
PbCrO4, Pb3(VO4)2, 
Ca2Pb2O(PO4)2, Pb2V2O7
P alpha-TCP, CaCu4(PO4)3OH, 
OCP, Ca2Zn(PO4)2, 
Tsumebite, Ca3Zn2(PO4)3 OH
alpha-TCP, Ca2Cd(PO4)2, 
Ca2Pb2O(PO4)2
SO4 Ba(SCr)O4 (96% SO4), 
Ba(SCr)O4 (77% SO4) 
BaSrSO4 (50% Ba), 
Gypsum, Anglesite 
Ba(SCr)O4 (77% SO4), 
BaSrSO4 (50% Ba) 
Sr BaSrSO4 (50% Ba), 
Strontianite, SrCrO4
BaSrSO4 (50% Ba), 
Strontianite 
V Pb3(VO4)2, Tyuyamunite, 
Carnotite, V2O5
Pb3(VO4)2, Pb2V2O7, V2O5, 
Ca3(VO4)2, Fe_Vanadate 
Zn Willemite, Ca3Zn2(PO4)3 OH 
Ca2Zn(PO4)2
Willemite, Zincite, ZnSiO3
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 The carbonated prediction shown in Table 6.4 is the result of using the carbonated 
material as a starting point.  However, in the case where accelerated aging is not possible 
as part of the decision-making process, it is also of interest to predict the solubility 
behavior of the aged material based on the non-aged material.  This was done by 
iteratively changing the following parameters:  1) increasing carbonate value in the 
system from an initial value of 35,000 mg/kg for the non-aged material to 70,000 mg/kg 
for the carbonated material prediction, 2) adding or removing the solubility controlling 
minerals so that the minerals in the carbonated prediction from non-aged data would be 
the same as in the carbonated prediction from carbonated data, 3) increasing availability 
values for Al and Pb, 4) decreasing availability values for Cd, Cu, Fe, Ni, and SO4 (with 
these changes being within 20% of the original value), 5) increasing the DOC 
concentrations by an order of magnitude, 6) changing the SHA value from 8 x 10 –4 to 1 x 
10 –4 kg/kg, and 7) changing the HFO value from 9 x 10 –4 to 8 x 10 –4 kg/kg.  Another 
change for all prediction cases was the decrease of the ettringite parameters in 
ORCHESTRA by 30 orders of magnitude to hinder ettringite precipitation. 
Ca, Cd, Cu, Pb and Zn were selected because they were representative of major 
constituents and constituents with pH-dependent behavior.  In each graph, the measured 
batch data is presented for non-aged and carbonated material, as well as the prediction 
from the non-aged material to both non-aged and carbonated conditions, and the 
prediction from the carbonated condition.  Discrepancies between predicted and 
measured data are presented as residuals.  These residuals were calculated as previously 
explained in Chapter 3, and are the logarithm of the ratio of predicted to measured data.  
A residual of zero means the values are equal, positive values mean the predicted data are 
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 higher than the measured data, and negative values mean the predicted data are lower 
than the measured data. 
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Figure 6.18.  Ca prediction from BA as a function of pH. 
 
 For Ca, the prediction for both non-aged and carbonated material is in agreement 
with measured data (Figure 6.18).  The predicted solubility for the carbonated material 
based on non-aged material is lower than the prediction for the non-aged material itself 
above a pH value of 5, but it is not the same as the carbonated prediction.  Above a pH of 
11, the predicted solubility for the carbonated material based on non-aged material and 
the prediction for the carbonated material are the same.  The species controlling the 
solubility of Ca are mainly Calcite and to a lesser extent, Wollastonite for the non-aged 
material, and Ca MoO4 for the carbonated material. 
 In the case of Cd, there is a significant difference between prediction of non-aged 
and carbonated material, despite the fact that the measured data are not very different 
(Figure 6.19).  The difference between the prediction for the carbonated material based 
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 on non-aged data and the prediction based on carbonated data is only noticeable between 
pH 6 and 9.  Prediction from the carbonated data more accurately reproduces the 
measured data.  The species controlling solubility for the non-aged material are mainly 
Cd(OH)2 and Otavite for the non-aged material, and Ca2Cd(PO4)2 for the carbonated 
material.  POM and HFO have a smaller effect on the Cd solubility for both aging 
conditions.  Previous studies (Meima et al. 1999) have shown otavite as a major solubility 
controlling species, as well as amorphous Cd(OH)2, which confirms the minerals selected 
for the non-aged material.  Carbonation results in the formation of new minerals, and that 
might explain the different minerals controlling the solubility for the carbonated case. 
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Figure 6.19.  Cd prediction from BA as a function of pH. 
 
 For Cu, there is a significant difference between prediction of non-aged and 
carbonated material, despite the fact that the measured data are not very different, except 
at pH values below 6 (Figure 6.20).  There is no difference between the prediction for the 
carbonated material based on non-aged data and the prediction for the carbonated data.  
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 The solubility controlling species is CaCu4(PO4)3OH for the non-aged material and the 
HFO for the carbonated case.  HFO also has a smaller effect on the solubility prediction 
for the non-aged condition.  POM-bound Cu has a small role on the solubility behavior 
for both conditions.  A previous study (Meima et al. 1999) showed Tenorite as the main 
species controlling Cu solubility in bottom ash tested at different weathering stages.  
Tenorite was initially selected as a mineral in the iteration process, but did not lead to 
similar results as the measured data. 
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Figure 6.20.  Cu prediction from BA as a function of pH. 
 
 The Pb prediction of solubility behavior for carbonated material based on 
carbonated data is not as accurate as the prediction of solubility behavior for carbonated 
material based on non-aged data (Figure 6.21).  However, the predicted solubility values 
between pH 8 and 11 are between 1 and 2 orders of magnitude lower than the measured 
data.  The solubility controlling species are Tsumebite and Pb3(VO4)2 for the non-aged 
material, and Ca2Pb2O(PO4)2 for the carbonated material.  HFO and POM have a strong 
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 role on the solubility of Pb for both aging conditions.  Some of the minerals selected are 
in agreement with previous modeling on bottom ash (Meima et al. 1999), including 
Anglesite and PO4-minerals. 
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Figure 6.21.  Pb prediction from BA as a function of pH. 
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Figure 6.22.  Zn prediction from BA as a function of pH. 
 
For Zn, the solubility prediction is slightly higher for the predictions based on 
non-aged data, but both predictions accurately describe the solubility behavior above pH 
 174
 values of 10 and below 5 (Figure 6.22).  The species controlling the solubility of Zn are 
Willemite for the non-aged prediction, and ZnSiO3 and Zincite for the carbonated 
material.  POM-bound Zn has a smaller contribution to the solubility behavior.  
Willemite, Zincite, and ZnSiO3 have all been considered as the species controlling the 
solubility of Zn in bottom ash in previous modeling studies (Meima et al. 1999). 
 From the presented constituents, Ca, Pb and Zn predicted solubilities are mostly 
in agreement with measured data (most of the residual values are within one order of 
magnitude); for the rest of the constituents, the residual values are more scattered and 
above one order of magnitude.  The predictions obtained for the carbonated material 
based on non-aged measurements are also in agreement with the predictions based on 
carbonated data.  Also, although the prediction and measured solubilities are not exactly 
the same for non-aged and carbonated materials, the predicted solubility behavior was in 
agreement with the behavior of the measured data for all cases. 
Uncertainties in this prediction were previously discussed in Chapter 2, 4 and 5, 
and include mainly the lack of a complete sample analysis (including Si values), as well 
as the assumptions of Si, CO3 and SHA for modeling purposes.  As mentioned 
previously, these results are preliminary, and the additional measured data (especially Si) 
will be critical for long-term prediction. 
 
Conclusions 
 Results indicate that there is no major difference between the non-aged and the 
material aged under a 100% Air, 100% N2 and 20% CO2-80% N2 atmospheres in terms of 
pH and conductivity, as well as release of constituents in column testing.  Only non-aged 
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 and carbonated bottom ash were considered.  The effect of carbonation in the bottom ash 
can be observed by the decrease of pH, from about 11 to 7, of the samples resulting from 
batch and column testing. 
 When analyzing the release of constituents, results indicate that in most cases, 
there is good agreement between batch and column testing, and that there is not a 
significant difference between testing under continuously saturated or intermittent 
unsaturated flow.  The only disagreement between batch and column testing was found 
for Ba, where the release was higher for the carbonated material at pH values below 7, 
and lower for pH values above that, and although the release from non-aged material was 
higher than the release from carbonated material under column testing, the release from 
batch testing was higher for the carbonated material. 
 Results show that highly soluble species, such as Cl and Na, are released faster in 
intermittent unsaturated columns, as shown by both the release of this constituents and 
conductivity values.  This faster release might be due to the presence of preferential flow 
paths existing in the columns running down flow with intermittent unsaturated flow.  At 
LS ratios above 5 mL/g there is no significant difference in the pH and conductivity 
values, as well as constituent release, between the different types of column flow 
regimes. 
 The effect of carbonation can be observed in the lower cumulative release of all 
species when compared to the release from non-aged material.  However, in the case of 
Ba and Mg, the release was higher from the carbonated material. 
 Preliminary modeling results were obtained for the non-aged material based on 
the non-aged data, and for the carbonated material based from non-aged and carbonated 
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 data.  Solubility prediction results for the non-aged material were reasonable for most 
elements, as were the solubility predictions for the carbonated material, with residual 
values within one order of magnitude.  The solubility predictions for the carbonated case 
based on non-aged measurements are mostly in agreement with the predictions based on 
carbonated measured data.  However, for some elements (Cd, SO4) the residual values 
show discrepancies of over 2 orders of magnitude.  These disagreements have the 
potential to be improved with better Si and DOC or CO3 estimation.  These modeling 
results provide a strong foundation for long-term prediction of constituent release as the 
speciation software continues to be developed. 
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 CHAPTER VII 
 
SUMMARY AND CONCLUSIONS 
 
Summary of Results 
 Chapter 1 presented an overview of the significance of this research.  It 
introduced the importance of adequate testing conditions that can account for the 
different conditions that a material will be subjected to while in use.  These conditions 
include aging due to exposure to the environment (e.g., carbonation) and intermittent 
wetting.  It also presented a summary of waste materials that have been used for highway 
and construction applications, and an overview of batch and column leaching tests that 
have been developed previously to account for the release of constituents at different pHs 
and LS ratios.  Finally, this chapter introduced the potential ability of geochemical 
speciation modeling software to predict the solubility and the release of constituents in 
the long-term based on short equilibrium batch tests. 
Chapter 2 presented a review of modeling techniques and introduced LeachXS, 
the software used in the solubility prediction of constituent release in this research.  It 
included an empirical calculation of aquous-solid equilibrium, adjusted to a 
thermodynamic activity basis from conductivity and ionic strength correlations.  It also 
presented an overview of the theoretical background of LeachXS and presents the 
uncertainties that must be accounted for when using this software in this research project, 
such as ionic strength considerations and incomplete chemical analysis data. 
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  Chapter 3 focused on column testing, particularly in studying the differences 
between saturated continuous up flow columns that have been widely studied and 
unsaturated intermittent down flow columns that attempt to simulate more realistic field 
conditions.  Construction debris was the selected granular material for these tests.  Two 
different types of unsaturated intermittent down flow were used.  It was found that there 
is no significant difference between the two types of intermittent unsaturated flow.  
Furthermore, the difference between the two types of intermittent unsaturated flow and 
continuously saturated flow is the faster release of salts during the intermittent 
unsaturated flow.  However, this difference was not observed above LS ratios of 2 mL/g. 
 Chapter 4 investigated batch leaching tests as predictors of potential field 
conditions by comparing batch results to column tests.  Batch testing was performed as a 
function of pH and LS ratio.  The results were compared to the release of constituents 
from intermittent unsaturated flow columns and continuously saturated flow columns.  
These tests were compared for two different types of coal fly ash, and an aluminum 
recycling residue.  It was found that for most cases, there is good agreement between the 
results obtained from batch testing and column testing.  Exceptions were Al, Fe and K, 
for which batch testing underpredicted column release.  However, on a cumulative mass 
release basis, the results from batch and column tests were mostly in good agreement at 
higher LS ratios (10 mL/g).  These higher LS ratios represent long-term release.  
Preliminary geochemical speciation modeling results for ARR suggested further Si 
analysis is required to improve solubility prediction of constituents, as well as long-term 
release prediction. 
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  Chapter 5 introduced the concept of carbonation and its effects on constituent 
leaching.  Laboratory formulated concrete (LFC) was produced using a previously tested 
recipe.  Concrete was tested under “non-aged” and carbonated conditions.  Carbonation 
took place for 30 days at a constant temperature of 35 °C.  The effects of carbonation 
were observed in lower conductivity values, lower pH values, and lower release of some 
pH-dependent species, such as Cd, Cu, Pb and Zn.  However, for As, the release was 
higher for the carbonated material than for the non-aged material.  It was found that the 
conditions used in this research mainly promote surface carbonation, which has an impact 
on material used for column testing, where the external surface of the particles exerts 
greater control over leaching, than when particles are further size reduced for batch 
testing.  Geochemical speciation modeling software LeachXS was used to model 
constituent release from LFC.  A solubility prediction based on pH values was obtained 
for the non-aged material and aged material, and also for the aged material based on the 
non-aged data, taking into account the carbonation effects by adjusting simulation 
parameters, such as constituent availability and DOC.  Si and CO3 were not measured on 
the samples, so their concentrations were assumed initially based on values reported by 
others and then treated as adjustable paremeters until a proper fit was found for most of 
the measured species.  There are several uncertainties in this methodology, given that Si 
and CO3 are main species in the material, and that Si is a necessary species for the 
modeling software to be able to do a long-term prediction. 
 Chapter 6 introduced other types of aging conditions and their effects on 
constituent release from a MSWI bottom ash.  The material was aged under 3 different 
atmospheres: CO2-enriched, N2-enriched and air.  The aging was also carried out at 35 °C 
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 over 30 days. It was found that there was no significant difference between the air, N2-
enriched, and non-aged material.  For this reason, results are presented only for the non-
aged and the carbonated material.  The effects of carbonation were observed in lower pH 
and conductivity values, and in lower release of some pH-dependent species, such as Cd, 
Cu, Pb, Zn.  However, Ba release was higher in the carbonated sample.  BA constituent 
release was also modeled using LeachXS.  The approach to modeling aged and non-aged 
samples was the same as for LFC.  Again, concentrations of Si and CO3 were assumed to 
obtain a better prediction. 
 
Primary Conclusions 
 When secondary materials are used in highway construction applications, many 
applications result in as intermittent infiltration due to precipitation events.  In addition, 
alkaline materials may experience carbonation as a result of absorption and reaction with 
carbon dioxide in air or soil vapor.  These environmental factors may affect the chemistry 
of the material and furthermore, they can have an impact on the leaching of constituents 
of concern from the material. 
 Batch leaching tests evaluating aqueous-solid equilibrium as a function of pH and 
LS have been recommended as an approach for characterizing leaching properties of 
materials because of their simplicity and they reflect intrinsic leaching properties.  It is 
necessary, however, to validate and understand the uncertainties associated with using 
these batch testing approaches to estimate leaching under percolation conditions.  
Column tests serve as a surrogate for field data, as these measurements result from the 
interaction of intrinsic leaching properties of the material with low infiltration rates, and 
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 aid in the evaluation of release of constituent at low LS ratios, not easily achieved by 
batch testing.  However, column tests lack the simplicity and the short testing periods of 
batch testing. 
This dissertation provides an extensive comparison between batch testing and two 
types of column testing (unsaturated intermittent and continuously saturated flow 
conditions) for five different granular materials that have high potential for reuse in 
highway applications.  These materials are aluminum recycling residue, MSWI bottom 
ash, two types of coal fly ash, construction debris and laboratory formulated concrete.  
The two alkaline materials (bottom ash and laboratory formulated concrete) were 
additionally analyzed for carbonation effects in the release of constituents. 
Residual values, defined as the log of the ratio between the experimental and 
predicted values, were used to quantify the comparisons.  The n values for these elements 
can be found in Appendix B.  Figure 7.1 shows a graphical description of the mean 
values for every element analyzed, for all materials, and bars are included depicting the 
standard deviation for each mean value.  The comparison of these two graphs shows that 
the average residuals obtained from the concentration as a function of LS ratio are further 
from zero than the average residuals from a cumulative release.  Only Al is, in average, 
underpredicted (i.e., batch data was underpredicting column data).  However, mean 
residual values for Cl and SO4 show overpredictions of over one order of magnitude.  
Average residuals from the cumulative release as a function of LS ratio are closer to zero, 
and the mean value is within half an order of magnitude.  Only Al and Pb are 
underpredicted.  When considering the standard deviation, the cumulative release 
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 residuals are still within one order of magnitude of overprediction and half an order of 
magnitude of underprediction. 
 Figure 7.2 shows the same graphical description but considering only the samples 
at a LS ratio of 10 mL/g.  As a function of concentration, the residuals for all elements 
are positive (i.e., batch data overpredicts column data), and Cl and SO4 still show 
overpredictions of over one order of magnitude.  Also, mean residual values for Ba, Cl, 
SO4 and Sr are higher than the mean residual values when considering all samples.  
Average residuals from the cumulative release are closer to zero and approximately at the 
same value than the residuals considering all samples.  From the comparison of these 
graphs it can be concluded that the cumulative release graphs are a better way of 
interpreting leaching data from batch and column experiments.  A complete statistical 
data set with the mean and standard deviation values for all residuals can be found at the 
end of Appendix B. 
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Figure 7.1.  Statistical data (mean +/- 1 standard deviation) for all residual values. 
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Figure 7.2.  Statistical data (mean +/- 1 standard deviation) for residual values of LS 10 
samples. 
 
General conclusions are that for most cases, (i) batch testing is a conservative 
estimate of column testing release, (ii) carbonation reduces the release of constituents, 
and (iii) column flow regime has no significant effect on the release of constituents.  
Important exceptions to these conclusions are (i) As leaching from laboratory formulated 
concrete and (ii) Ba leaching from bottom ash.  In both cases, carbonated samples 
exhibited higher release. 
 LeachXS, a geochemical speciation model currently under development, was used 
to obtain solubility predictions from batch data.  In general, modeling predictions were in 
satisfactory agreement with experimental batch data, with experimental and predicted 
within +/- one order of magnitude or better.  However, Cd, Cu and Pb were poorly 
predicted by the speciation model, with under and over predictions of at least 2 orders of 
magnitude.  Speciation modeling could be improved with better assumptions, constraints 
and concentrations of some important species, such as Si and CO3, or further sample 
analysis to measure these species. 
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 Significance and applications 
The significance of this research can be summarized in the answer to the question:  
Can one obtain, with basic sample testing, an accurate long-term prediction that will 
allow for the use of a material in a given site without posing a threat to the environment?  
In this dissertation, a comprehensive array of data is presented comparing results from 
batch and different types of column flow regimes for a wide range of granular materials.  
These data confirm that in general, batch testing is a conservative estimate of column 
testing results, and properly interpreted, it can be a more cost and time effective way for 
testing materials than column tests. 
 In the case where As is a constituent of potential concern in concrete materials, 
and carbonating conditions prevail in the potential usage application, batch testing will 
most likely underpredict As release and column testing may be required.  This is not the 
case for the other materials analyzed. 
 In the case where column testing is necessary, this dissertation provides sufficient 
evidence that the continuously saturated flow conditions are equivalent to intermittent 
unsaturated conditions at LS ratios of 2 mL/g and higher.  At low LS ratios (below 1 
mL/g), the release of highly soluble species, such as Na, is significantly higher under 
intermittent unsaturated conditions, but this discrepancy is not relevant to the cumulative 
release of typical constituents of concern.  This is an important observation, as it shows 
that the standard continuously saturated column flow case is representative, in the long 
term, of the more complex unsaturated intermittent field case. 
 The incorporation of the leaching data from all the materials analyzed in this 
research into the database used by geochemical speciation software LeachXS represents a 
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 major contribution to the leaching community.  Incorporation of this data into the 
LeachXS interface facilitates searching and retrieval of both batch and column results 
organized by material.  These data may be used as reference comparisons for experiments 
on similar materials, as some other data was used to fill the information gaps for the 
geochemical modeling in this research, and also, the data could be used in the absence of 
further column experiments as a basis for long-term solubility predictions. 
 
Future directions 
 Although this research presents extensive and detailed data for batch and column 
analysis under non-aged and carbonated conditions for a representative group of granular 
materials, there are some areas that need further elucidation and validation.  In the few 
cases where batch testing failed to predict release of constituents from column testing 
(such as As in concrete), further mechanistic analysis is recommended.  These differences 
between batch and column testing may be a function of the infiltration rate in the column 
experiments or the difference in particle size used in the two experiments.  A detailed 
investigation on a case by case basis may suggest a testing methodology that can account 
for these discrepancies. 
 This research has shown that the effects of intermittent unsaturated infiltration, as 
opposed to continuously saturated flow, are minimal and have no significance in the 
long-term release of constituents, as observed on a cumulative mass basis.  For some 
conceivable applications, however, there may be interest in the effect of extremely long 
drying periods.  These research results could provide a control case for such an 
investigation. 
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  Part of the value of having these research data available in the LeachXS database 
is the ability to use them as a basis for long-term predictions.  However, these data will 
become even more useful when coupled with further analysis of a few important species. 
Si analysis is important for correct solubility prediction and long-term prediction.  DOC 
and CO3 values would also enhance the ability of LeachXS to successfully predict long-
term release of constituents. 
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 APPENDIX A 
 
DEFINING CONDITIONS FOR MATERIAL CARBONATION 
 
Introduction 
The goal of this experiment is to develop a common protocol for laboratory 
carbonation of materials prior to leaching evaluations.  The specific objectives are: 1) to 
determine the time necessary to obtain a stable carbonated sample, and 2) to define a 
standard procedure for carbonating alkali waste material samples.  In order to achieve 
these objectives, materials more likely to experience carbonation (i.e., having alkaline 
pHs) were exposed to a higher temperature and different humidity levels, and were tested 
for carbonation degrees at different time intervals and for different particle sizes. 
 
Materials and Methods 
 
Materials 
The materials to be carbonated were only the materials having more alkaline pHs 
(pH > 10).  The pH was measured at a LS ratio of 10 mL/g, using deionized water. 
1. Bottom Ash (Non-aged) – pH = 12 
2. Construction Debris – pH = 10 
3. Laboratory Formulated Concrete – pH = 13 
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 Methods 
Flow from a 100% CO2 tank was combined with flow from a 100% air tank 
passed through a water-saturated sand, in order to obtain a 20% CO2 humidified gas 
stream (Figure A.1).  The expected 20% of CO2 was achieved by using flow meters to 
combine the flow of the two streams.  There were two containers for experimentation.  
The first one only had the humidity (RH) given by the humidified stream of gas.  This 
was accomplished by passing the air stream through a sparger containing sand and glass 
wool, and filling it with water.  The second container contained a beaker filled with water 
to provide extra humidity.  The expected conditions were: 
1. 20% CO2 – 80% Air, 80% RH 
2. 20% CO2 – 80% Air, 40% RH 
 
a) 
Air CO2
Pressurized containers
Flow meters
Water-
filled 
sparger
 
 
 
 
 
 
 
b) 
Figure A.1.  Carbonation experiment: a) apparatus, b) pressurized chambers. 
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 In order to investigate the effects of particle size in the carbonation process, two 
sets of samples were carbonated under each condition. 
1. Particle size < 2 mm (batch testing maximum particle size) 
2. Particle size < 5 mm (column testing maximum particle size) 
The carbonation took place in a constant temperature room (35°C) in pressurized 
containers.  Every day while the experiment was in progress, the humidity present in each 
container was measured with a hygrometer.  The samples were stirred daily (by hand) to 
maximize the contact of all particle surfaces with the CO2 atmosphere.  
The amount of carbonation was measured at different intervals: 3, 7, 14, 21, 28, 
and 35 days. 
For materials with a maximum particle size of 2 mm, a sample of 0.1 g was 
placed inside a 5 mL vial with a septa lid.  A 5 mL syringe was inserted in the lid.  Then, 
0.1 mL of nitric acid (trace metal grade) was injected into the vial, making sure the acid 
covered the sample entirely.  The volume displaced in the 5 mL syringe was assumed to 
be the CO2 produced by the reaction (Figure A.2). 
For materials with a maximum particle size of 5 mm, the procedure was similar, 
changing the sample size to 0.3 g, the volume of acid added to 0.3 mL, and the injection 
took place in a 15 mL vial. 
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 a) b)  
Figure A.2.  Carbonation degree measurement:  a) before acid injection, b) displacement 
after acid injection. 
 
Results 
 Humidity results are shown in table 5.1.  Humidity #1 represents the humidity 
measured in the first container, where the only humidity present was that given by the 
humidified air stream.  Humidity #2 is the humidity measured in the container that had 
the beaker of water to provide extra humidity. 
Results for BA carbonation are shown in Figure A.3.  As would be expected, the 
carbonation degree of samples from the second container is higher.  This is due to the fact 
that more humid environments help accelerate carbonation because of the higher 
diffusion of carbon dioxide in humid air.  The effect of particle size can also be observed; 
the measurements are higher for smaller particle sizes due to the larger surface area.  In 
the case of larger particle sizes, the material is not completely homogeneous, and even 
though up to 5 replicates were run for each sample, it was very difficult to obtain a 
sample that would be similar to the previous one. 
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 Table A.1.  Humidity of samples carbonation experiment 
 Humidity % 
Day No. 1 2 
1 18 80 
3 22 84 
4 32 66 
5 29 69 
6 28 88 
7 25 84 
10 11 67 
11 27 72 
12 16 66 
13 43 85 
14 39 80 
17 30 80 
18 21 65 
19 16 62 
20 26 65 
21 15 91 
24 11 66 
25 11 65 
26 11 61 
27 11 66 
28 11 63 
31 13 84 
32 11 95 
33 11 86 
34 11 95 
35 11 94 
Average 20 76 
Std. Dev. 10 12 
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Figure A.3.  Carbonation data for BA.  (1-BA-2: low humidity, 2 mm; 1-BA-5: low 
humidity, 5 mm; 2-BA-2: high humidity, 2 mm; 2-BA-5: high humidity, 5 mm). 
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  Extent of carbonation for LFC is shown in Figure A.4.  In this material, the higher 
humidity results in a slight increase of carbonation in the samples.  Replication is better 
because of the homogeneity of the material for both particle sizes.  Smaller particle sizes 
present a higher degree of carbonation than larger ones, as would be expected. 
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Figure A.4.  Carbonation data for LFC.  (1-LFC-2: low humidity, 2 mm; 1-LFC-5: low 
humidity, 5 mm; 2-LFC-2: high humidity, 2 mm; 2-LFC-5: high humidity, 5 mm). 
 
 Construction Debris samples only had one particle size, as all the material was 
crushed below 2 mm after it was received (Figure A.5).  Contrary to expected, the degree 
of carbonation was higher in the sample subjected to a lower humidity.  As in the bottom 
ash experiment, the lack of homogeneity in the sample could be the cause for the poor 
replication of results.  Concrete blocks and brick mainly form construction debris, and 
given that the samples used for this test were very small, it was difficult to get similar 
samples for replication. 
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Figure A.5.  Carbonation data for CD (1-CD: low humidity, and 2-CD: high humidity). 
 
Conclusions and Recommendations 
When both particle sizes are compared, smaller particles do not seem to have a 
higher degree of carbonation than larger particles.  This might be the result of the size of 
sample used.  Higher humidity levels show a small increase in the extent of carbonation.  
After 15 days, the carbonation degree reaches a high level, so it is possible to assume that 
a sample that has been carbonated for 15 days or more has reached full carbonation under 
the conditions provided in this experiment.  The recommended conditions for obtaining a 
carbonated sample are to place the material in a pressurized container with a carbon 
dioxide enriched atmosphere (20% CO2-80%N2) for a minimum time of 15 days and with 
a relative humidity of at least 60%. 
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 APPENDIX B 
 
EXPERIMENTAL RESULTS 
 
pH, conductivity values, and concentrations of Al, As, Ba, Ca, Cd, Cl, Cu, Fe, K, 
Na, Mg, Pb, Se, SO4, Sr and Zn are presented for ARR, BA, CD, CFA #1, CFA # 2 and 
LFC.  Results are shown for batch and column testing release as a function of pH, as a 
function of LS ratio, and for cumulative release as a function of LS ratio.  Cumulative 
release (mg/kg) is calculated according to Equation B.1: 
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VV
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1
2 )   (B.1) 
 
where C is the concentration of the species (mg/L), V is the volume between intervals i+1 
and i (L) and M is the total weight of the column (kg).  Residuals, calculated as presented 
in Chapter 4, are also shown for each graph as a function of LS ratio. 
 Additionally, for ARR, BA and LFC, graphs comparing selected column results in 
terms of activity to activity from batch results are shown for species with valences of ± 1, 
± 2 and ± 3.  Figure B.1 presents a general case for the changes in the activity coefficient, 
as a function of ionic strength, for species with valences of ± 1, ± 2 and ± 3.  This is a 
general case because the ionic strength used for this graph is not obtained from the 
conductivities of these particular materials and samples.  The equations to obtain activity  
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 and the activity coefficient from ionic strength, and the equation relating conductivity and 
ionic strength, were explained in detail in Chapter 2. 
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Figure B.1.  Relationship between activity coefficient, ionic strength and conductivity. 
 
 Statistical data for all experimental data shown in this appendix is presented and 
explained at the end of this section. 
 
Aluminum Recycling Residue 
 
pH and conductivity data 
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Figure B.2.  pH of ARR batch and column testing. 
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Figure B.3.  Conductivity of ARR batch and column testing. 
 
Activity and ionic strength data 
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Figure B.4.  Ionic strength as a function of LS Ratio for ARR. 
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Figure B.5.  Activity of a) ± 1, b) ± 2 and c) ± 3 species for ARR (SC column data). 
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 Elemental data 
0.1
1
10
100
1000
10000
2 4 6 8 10 12
pH
A
l (
m
g/
L)
Batch (ANC)
IC Non-Aged
SC Non-Aged
0.1
1
10
100
1000
10000
0.1 1 10
LS Ratio (mL/g)
A
l (
m
g/
L)
Batch (LS)
IC Non-Aged
SC Non-Aged
0.1
1
10
100
1000
10000
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
A
l (
m
g/
kg
)
Batch (LS)
IC Non-Aged
SC Non-Aged
 
-2
-1
0
1
2
0.1 1 10
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
A
l L
og
 R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
 
LS Ratio (mL/g)
A
l R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
Figure B.6.  Al release from ARR as a function of pH and LS ratio. 
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Figure B.7.  As release from ARR as a function of pH and LS ratio. 
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Figure B.8.  Ba release from ARR as a function of pH and LS ratio. 
1
10
100
1000
10000
100000
2 4 6 8 10 12
pH
C
a 
(m
g/
L)
Batch (ANC)
IC Non-Aged
SC Non-Aged
1
10
100
1000
10000
100000
0.1 1 10
LS Ratio (mL/g)
C
a 
(m
g/
L)
Batch (LS)
IC Non-Aged
SC Non-Aged
0.1
1
10
100
1000
10000
100000
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
C
a 
(m
g/
kg
)
0
Batch (LS)
IC Non-Aged
SC Non-Aged
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
C
a 
R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
C
a 
Lo
g 
R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
 
Figure B.9. Ca release from ARR as a function of pH and LS ratio 
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Figure B.10.  Cd release from ARR as a function of pH and LS ratio. 
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Figure B.11.  Cl release from ARR as a function of pH and LS ratio. 
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Figure B.12.  Cu release from ARR as a function of pH and LS ratio. 
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Figure B.13.  Fe release from ARR as a function of pH and LS ratio. 
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Figure B.14.  K release from ARR as a function of pH and LS ratio. 
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Figure B.15.  Na release from ARR as a function of pH and LS ratio. 
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Figure B.16.  Mg release from ARR as a function of pH and LS ratio. 
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Figure B.17.  Pb release from ARR as a function of pH and LS ratio. 
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Figure B.18.  Se release from ARR as a function of pH and LS ratio. 
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Figure B.19.  SO4 release from ARR as a function of pH and LS ratio. 
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Figure B.20.  Sr release from ARR as a function of pH and LS ratio. 
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Figure B.21.  Zn release from ARR as a function of pH and LS ratio. 
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 MSWI Bottom Ash 
 
pH and conductivity data 
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Figure B.22.  pH of BA batch and column testing. 
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Figure B.23.  Conductivity of BA batch and column testing. 
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Figure B.24.  Ionic strength as a function of LS Ratio for BA 
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Figure B.25.  Activity of a) ± 1, b) ± 2 and c) ± 3 species for BA (SC column data). 
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Figure B.26.  Al release from BA as a function of pH and LS ratio. 
 
 209
 0.001
0.01
0.1
1
10
2 4 6 8 10 12 14
pH
 A
s 
(m
g/
L)
Batch (ANC)
Batch (ANCC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
0.001
0.01
0.1
1
10
0.1 1 10
LS Ratio (mL/g)
A
s 
(m
g/
L)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
0.001
0.01
0.1
1
10
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
A
s 
(m
g/
kg
)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
A
s 
R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC NA
Residual Batch/IC Carb
Residual Batch/SC NA
Residual Batch/SC Carb
-2
-1
0
1
2
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
A
s 
Lo
g 
R
es
id
ua
l
0
Residual Batch/IC NA
Residual Batch/IC Carb
Residual Batch/SC NA
Residual Batch/SC Carb
 
Figure B.27.  As release from BA as a function of pH and LS ratio. 
0.001
0.01
0.1
1
10
2 4 6 8 10 12 14
pH
 B
a 
(m
g/
L)
Batch (ANC)
Batch (ANCC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
0.001
0.01
0.1
1
10
100
0.1 1 10
LS Ratio (mL/g)
B
a 
(m
g/
L)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
0.001
0.01
0.1
1
10
100
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
B
a 
(m
g/
kg
)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
B
a 
R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC NA
Residual Batch/IC Carb
Residual Batch/SC NA
Residual Batch/SC Carb
-2
-1
0
1
2
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
B
a 
Lo
g 
R
es
id
ua
l
0
Residual Batch/IC NA
Residual Batch/IC Carb
Residual Batch/SC NA
Residual Batch/SC Carb
 
Figure B.28.  Ba release from BA as a function of pH and LS ratio. 
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Figure B.29.  Ca release from BA as a function of pH and LS ratio. 
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Figure B.30.  Cd release from BA as a function of pH and LS ratio. 
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Figure B.31.  Cl release from BA as a function of pH and LS ratio. 
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Figure B.32.  Cu release from BA as a function of pH and LS ratio. 
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Figure B.33.  Fe release from BA as a function of pH and LS ratio. 
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Figure B.34.  K release from BA as a function of pH and LS ratio. 
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Figure B.35.  Na release from BA as a function of pH and LS ratio. 
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Figure B.36.  Mg release from BA as a function of pH and LS ratio. 
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Figure B.37.  Pb release from BA as a function of pH and LS ratio. 
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Figure B.38.  Se release from BA as a function of pH and LS ratio. 
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Figure B.39.  SO4 release from BA as a function of pH and LS ratio. 
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Figure B.40.  Sr release from BA as a function of pH and LS ratio. 
 216
 0.01
0.1
1
10
100
1000
10000
2 4 6 8 10 12 14
pH
 Z
n 
(m
g/
L)
Batch (ANC)
Batch (ANCC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
0.01
0.1
1
10
100
1000
10000
0.1 1 10
LS Ratio (mL/g)
Zn
 (m
g/
L)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
0.01
0.1
1
10
100
1000
10000
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
Zn
 (m
g/
kg
)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated
SC Non-Aged
SC Carbonated
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
Zn
 R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC NA
Residual Batch/IC Carb
Residual Batch/SC NA
Residual Batch/SC Carb
-2
-1
0
1
2
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
Zn
 L
og
 R
es
id
ua
l
0
Residual Batch/IC NA
Residual Batch/IC Carb
Residual Batch/SC NA
Residual Batch/SC Carb
 
Figure B.41.  Zn release from BA as a function of pH and LS ratio. 
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Figure B.42.  pH of CFA #1 batch testing as a function of LS Ratio. 
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Figure B.43.  pH and Conductivity of CFA #1 column testing as a function of LS Ratio. 
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Figure B.44.  Ionic strength as a function of LS Ratio for CFA #1. 
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Figure B.45.  Activity of a) ± 1, b) ± 2 and c) ± 3 species for CFA #1 (SC column data). 
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Figure B.46.  Al release from CFA # 1 as a function of pH and LS ratio. 
0.001
0.01
0.1
1
10
2 4 6 8 10 12 14
pH
A
s 
(m
g/
L)
Batch (ANC)
IC Non-Aged
SC Non-Aged
0.001
0.01
0.1
1
10
0.1 1.0 10.0
LS Ratio (mL/g)
A
s 
(m
g/
L)
Batch (LS)
IC Non-Aged
SC Non-Aged
0.001
0.01
0.1
1
10
0.1 1.0 10.0
LS Ratio (mL/g)
C
um
ul
at
iv
e 
A
s 
(m
g/
kg
)
Batch (LS)
IC Non-Aged
SC Non-Aged
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
A
s 
R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
A
s 
Lo
g 
R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
 
Figure B.47.  As release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.48.  Ba release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.49.  Ca release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.50.  Cd release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.51.  Cl release from CFA # 1 as a function of pH and LS ratio (no batch data). 
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Figure B.52.  Cu release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.53.  Fe release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.54.  K release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.55.  Na release from CFA # 1 as a function of pH and LS ratio. 
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Figure B. 56.  Mg release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.57.  Pb release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.58.  Se release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.59.  Sr release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.60.  Zn release from CFA # 1 as a function of pH and LS ratio. 
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Figure B.61.  pH of CFA #2 batch testing as a function of LS Ratio. 
 226
 2
4
6
8
10
12
14
0.1 1 10
LS Ratio (mL/g)
pH
IC CFA # 2
SC CFA # 2
0.1
1
10
100
1000
0.1 1 10
LS Ratio (mL/g) 
C
on
du
ct
iv
ity
 (m
S
/c
m
)
IC CFA # 2
SC CFA # 2
 
Figure B.62.  pH and Conductivity of CFA #2 column testing as a function of LS Ratio. 
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Figure B.63.  Ionic strength as a function of LS Ratio for CFA #2. 
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Figure B.64.  Activity of a) ± 1, b) ± 2 and c) ± 3 species for CFA #2 (SC column data). 
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Figure B.65.  Al release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.66.  As release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.67.  Ba release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.68.  Ca release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.69.  Cd release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.70.  Cl release from CFA # 2 as a function of pH and LS ratio (no batch data). 
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Figure B.71.  Cu release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.72.  Fe release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.73.  K release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.74.  Na release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.75.  Mg release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.76.  Pb release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.77.  Se release from CFA # 2 as a function of pH and LS ratio. 
1
10
100
1000
2 4 6 8 10 12 14
pH
S
r (
m
g/
L)
Batch (ANC)
IC Non-Aged
SC Non-Aged
0.1
1
10
100
1000
0.1 1 10
LS Ratio (mL/g)
S
r (
m
g/
L)
Batch (LS)
IC Non-Aged
SC Non-Aged
0.1
1
10
100
1000
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
S
r (
m
g/
kg
)
0
Batch (LS)
IC Non-Aged
SC Non-Aged
 
-2
-1
0
1
2
3
0.1 1 10
LS Ratio (mL/g)
S
r R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
S
r L
og
 R
es
id
ua
l
Residual Batch/IC
Residual Batch/SC
 
Figure B.78.  Sr release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.79.  Zn release from CFA # 2 as a function of pH and LS ratio. 
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Figure B.80.  pH of CD batch and column testing. 
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Figure B.81.  Conductivity of CD batch and column testing. 
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Figure B.82.  Ionic strength as a function of LS Ratio for CD. 
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Figure B.83.  Activity of a) ± 1, b) ± 2 and c) ± 3 species for CD (SC column data). 
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Figure B.84.  Al release from CD as a function of pH and LS ratio. 
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Figure B.85.  As release from CD as a function of pH and LS ratio. 
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Figure B.86.  Ba release from CD as a function of pH and LS ratio. 
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Figure B.87.  Ca release from CD as a function of pH and LS ratio. 
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Figure B.88.  Cd release from CD as a function of pH and LS ratio. 
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Figure B.89.  Cl release from CD as a function of pH and LS ratio. 
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Figure B.90.  Cu release from CD as a function of pH and LS ratio. 
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Figure B.91.  Fe release from CD as a function of pH and LS ratio. 
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Figure B.92.  K release from CD as a function of pH and LS ratio. 
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Figure B.93.  Na release from CD as a function of pH and LS ratio. 
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Figure B.94.  Mg release from CD as a function of pH and LS ratio. 
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Figure B.95.  Pb release from CD as a function of pH and LS ratio. 
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Figure B.96.  Se release from CD as a function of pH and LS ratio. 
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Figure B.97.  SO4 release from CD as a function of pH and LS ratio. 
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Figure B.98.  Sr release from CD as a function of pH and LS ratio. 
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Figure B.99.  Zn release from CD as a function of pH and LS ratio. 
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pH and conductivity data 
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Figure B.100.  pH of LFC batch and column testing. 
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Figure B.101.  Conductivity of LFC batch and column testing. 
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Figure B.102.  Ionic strength as a function of LS Ratio for LFC. 
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Figure B.103.  Activity of a) ± 1, b) ± 2 and c) ± 3 species for LFC (SC column data). 
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Figure B.104.  Al release from LFC as a function of pH and LS ratio. 
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Figure B.105.  As release from LFC as a function of pH and LS ratio. 
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Figure B.106.  Ba release from LFC as a function of pH and LS ratio. 
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Figure B.107.  Ca release from LFC as a function of pH and LS ratio. 
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Figure B.108.  Cd release from LFC as a function of pH and LS ratio. 
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Figure B.109.  Cl release from LFC as a function of pH and LS ratio. 
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Figure B.110.  Cu release from LFC as a function of pH and LS ratio. 
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Figure B.111.  Fe release from LFC as a function of pH and LS ratio. 
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Figure B.112.  K release from LFC as a function of pH and LS ratio. 
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Figure B.113.  Na release from LFC as a function of pH and LS ratio. 
0.1
1
10
100
1000
10000
2 4 6 8 10 12 14
pH
M
g 
(m
g/
L)
Batch (ANC)
Batch (ANCC)
IC Non-Aged
IC Carbonated 4-4
SC Non-Aged
SC Carbonated
0.01
0.1
1
10
100
1000
10000
0.1 1 10
LS Ratio (mL/g)
M
g 
(m
g/
L)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated 4-4
SC Non-Aged
SC Carbonated
0.01
0.1
1
10
100
1000
10000
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
M
g 
(m
g/
kg
)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated 4-4
SC Non-Aged
SC Carbonated
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
M
g 
R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC NA
Residual Batch/IC 4-4
Residual Batch/SC NA
Residual Batch/SC Carb
-2
-1
0
1
2
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
M
g 
Lo
g 
R
es
id
ua
l
0
Residual Batch/IC NA
Residual Batch/IC 4-4
Residual Batch/SC NA
Residual Batch/SC Carb
 
Figure B.114.  Mg release from LFC as a function of pH and LS ratio. 
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Figure B.115.  Pb release from LFC as a function of pH and LS ratio. 
0.0001
0.001
0.01
0.1
1
10
100
2 4 6 8 10 12 14
pH
S
e 
(m
g/
L)
Batch (ANC)
Batch (ANCC)
IC Non-Aged
IC Carbonated 4-4
SC Non-Aged
SC Carbonated
0.0001
0.001
0.01
0.1
1
10
100
0.1 1 10
LS Ratio (mL/g)
S
e 
(m
g/
L)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated 4-4
SC Non-Aged
SC Carbonated
0.0001
0.001
0.01
0.1
1
10
100
0.1 1 10
LS Ratio (mL/g)
C
um
ul
at
iv
e 
S
e 
(m
g/
kg
)
Batch (LS)
Batch (LSC)
IC Non-Aged
IC Carbonated 4-4
SC Non-Aged
SC Carbonated
 
-2
-1
0
1
2
0.1 1 10
LS Ratio (mL/g)
S
e 
R
el
ea
se
 L
og
 R
es
id
ua
l
Residual Batch/IC NA
Residual Batch/IC 4-4
Residual Batch/SC NA
Residual Batch/SC Carb
-2
-1
0
1
2
0.1 1 1
LS Ratio (mL/g)
C
um
ul
at
iv
e 
S
e 
Lo
g 
R
es
id
ua
l
0
Residual Batch/IC NA
Residual Batch/IC 4-4
Residual Batch/SC NA
Residual Batch/SC Carb
 
Figure B.116.  Se release from LFC as a function of pH and LS ratio. 
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Figure B.117.  SO4 release from LFC as a function of pH and LS ratio. 
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Figure B.118.  Sr release from LFC as a function of pH and LS ratio. 
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Figure B.119.  Zn release from LFC as a function of pH and LS ratio. 
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 Data interpretation 
 
 All the elemental concentration data for all materials were analyzed and are 
presented in this section.  Table B.1. shows the sample number (n), mean and standard 
deviation values for all residuals calculated from the experimental data presented 
previously.  The two types of residuals are residuals on a concentration as a function of 
LS ratio basis, and residuals from a cumulative release basis.  Figures B.120 and B.121 
show a graphical description of the mean values for every element analyzed, and bars are 
included depicting the standard deviation for each mean value.  Figure B.120 shows data 
for residuals on a concentration basis, and Figure B.121 shows data for residuals 
calculated from cumulative release. 
 
Table B.1.  Statistical data for residual values. 
Concentration based residuals Cumulative based residuals 
Element Sample 
number  
(n) 
Mean Standard deviation
Sample 
number 
(n) 
Mean Standard deviation 
Al 63 -0.1649 0.4334 63 -0.1616 0.4032 
As 65 0.4137 0.8806 65 0.2468 0.8896 
Ba 64 0.6104 0.6523 65 0.2849 0.6137 
Ca 63 0.3643 0.2695 63 0.2391 0.2214 
Cd 64 0.5386 0.5795 65 0.3726 0.5258 
Cl 50 1.3263 0.8152 50 0.4578 0.6545 
Cu 65 0.2797 0.4963 65 0.0110 0.3894 
Fe 63 -0.0284 0.2023 63 -0.0199 0.2279 
K 66 0.3224 0.4513 66 0.0098 0.2876 
Mg 63 0.2757 0.5756 63 0.0783 0.5511 
Na 63 0.7739 0.4538 63 0.0869 0.2425 
Pb 64 0.0425 0.6493 65 -0.1726 0.5472 
SO4 43 1.0811 0.7828 46 0.4246 0.6052 
Se 64 0.8008 0.6891 65 0.4579 0.5699 
Sr 63 0.5647 0.3540 63 0.1879 0.2024 
Zn 64 0.3856 0.4919 65 0.0962 0.2898 
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Figure B.120.  Mean and standard deviation data for concentration residuals. 
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Figure B.121.  Mean and standard deviation data for cumulative residuals. 
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  Table B.2. shows the sample number (n), mean and standard deviation values for 
these LS ratio residuals.  Figures B.122 and B.123 show the same information as Figures 
B.120 and B.121, but only LS 10 samples were considered for the residual calculation. 
 
Table B.2.  Statistical data for residual values of LS 10 samples. 
Concentration based residuals Cumulative based residuals 
Element Sample 
number  
(n) 
Mean Standard deviation
Sample 
number 
(n) 
Mean Standard deviation 
Al 14 0.0028 0.3426 14 -0.0507 0.2888 
As 14 0.1618 0.7918 14 -0.0295 0.6506 
Ba 13 0.8764 0.8622 14 0.3010 0.4698 
Ca 14 0.3912 0.2921 14 0.2469 0.1478 
Cd 13 0.3481 0.5603 13 0.2011 0.4434 
Cl 10 1.5010 1.0055 10 0.3098 0.6211 
Cu 14 0.3017 0.3007 14 0.1284 0.2583 
Fe 14 -0.0322 0.3405 14 -0.0393 0.3602 
K 14 0.1042 0.7223 14 -0.2496 0.4482 
Mg 14 0.2547 0.5748 14 0.0537 0.5428 
Na 14 0.8259 0.4425 14 0.0304 0.2159 
Pb 13 0.0017 0.5297 14 -0.1548 0.3932 
SO4 8 1.6190 1.2007 10 0.5182 0.6184 
Se 13 0.5701 0.7449 14 0.3150 0.6170 
Sr 14 0.6832 0.4841 14 0.1436 0.1506 
Zn 13 0.1941 0.3844 14 0.0116 0.2818 
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Figure B.122.  Mean and standard deviation data for concentration residuals. 
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Figure B.123.  Mean and standard deviation data for cumulative residuals. 
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 APPENDIX C 
 
GEOCHEMICAL SPECIATION MODELING RESULTS 
 
 Geochemical speciation modeling results obtained with LeachXS versions 1.0.4.0 
and 1.0.4.1 are presented for ARR and non-aged and carbonated BA and LFC.  These 
results include solubility predictions, residual values for the solubility prediction graphs, 
and liquid solid phase partitioning diagrams. 
Figure C.1 shows 2 examples of a phase partitioning diagram.  The reduced 
concentration at high pH values (above 11 for (b)) is controlled by ettringite.  This 
spurious feature is characteristic to LeachXS, and is present in various diagrams 
throughout the appendix.  It appears as a clear area because ettringite is considered a solid 
solution, instead of a controlling mineral.  For bottom ash, ettringite presence was 
hindered by decreasing the ettringite parameters in ORCHESTRA by 30 orders of 
magnitude.  This way, ettringite presence was not a problem for BA diagrams, but it can 
be seen in ARR and LFC diagrams.  The light blue area represents the amount of species 
free in solution.  For (a), at pH 14, the controlling species is Hausmannite, and DOC is 
controlling the solubility of species in solution, as indicated by the light green area.  
Starting at pH 13 to pH 9, POM has a smaller effect in the solubility of Mn, and below 
pH 8, the species is free in solution.  For (b), the mineral controlling the solubility of Ba 
in solution at pH of 10.5 is Ba(SCr)O4, and then at pH of 9.5, the solubility is controlled 
by BaSrSO4. 
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Figure C.1.  Example of phase partitioning diagram. 
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Figure C.2.  Al solubility prediction and phase partitioning for ARR. 
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Figure C.3.  Ba solubility prediction and phase partitioning for ARR. 
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Figure C.4.  Ca solubility prediction and phase partitioning for ARR. 
 
1.E-07
1.E-06
1.E-05
1.E-04
2 4 6 8 10 12 14
pH
 C
u 
(m
ol
/L
)
Measured
Predicted
 
-2
-1
0
1
2
2 4 6 8 10 12 14
pH
C
u 
Lo
g 
R
es
id
ua
l
 
 
 
 
 
Partitioning liquid and solid phase, [Cu+2]
1.E-07
1.E-06
1.E-05
1.E-04
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
Co
nc
en
tra
tio
n 
(m
ol
/l)
Free DOC-bound POM-bound FeOxide Clay Langite
Figure C.5.  Cu solubility prediction and phase partitioning for ARR. 
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Figure C.6.  Fe solubility prediction and phase partitioning for ARR. 
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Figure C.7.  Mg solubility prediction and phase partitioning for ARR. 
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Figure C.8.  Pb solubility prediction and phase partitioning for ARR. 
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Figure C.9.  SO4 solubility prediction and phase partitioning for ARR. 
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Figure C.10.  Sr solubility prediction and phase partitioning for ARR. 
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Figure C.11.  Zn solubility prediction and phase partitioning for ARR. 
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Figure C.12.  Al solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.13.  Ba solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.14.  Ca solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.15.  Cd solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.16.  Cr solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.17.  Cu solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.18.  Fe solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.19.  Mg solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.20.  Mn solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.21.  Mo solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.22.  Ni solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
2 4 6 8 10 12 14
pH
Pb
 (m
ol
/L
)
Non-aged measured
Non-aged predicted
Aged measured
Aged predicted
Aged predicted from non-aged
-2
-1
0
1
2
2 4 6 8 10 12 14
pH
Re
si
du
al
 P
b
Non-aged prediction
Aged prediction
Aged prediction from non-aged
 
a)
Partitioning liquid and solid phase, [Pb+2]
1.000E-10
1.000E-09
1.000E-08
1.000E-07
1.000E-06
1.000E-05
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
C
on
ce
nt
ra
tio
n 
(m
ol
/l)
Free DOC-bound POM-bound FeOxide Clay
PbCrO4 Anglesite Tsumebite Pb2O3 Pb3[VO4]2
b)
Partitioning liquid and solid phase, [Pb+2]
1.000E-10
1.000E-09
1.000E-08
1.000E-07
1.000E-06
1.000E-05
1.000E-04
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
C
on
ce
nt
ra
tio
n 
(m
ol
/l)
Free DOC-bound POM-bound FeOxide Clay
PbCrO4 Pb3[VO4]2 Ca2Pb2O[PO4]2 Pb2V2O7
 
Figure C.23.  Pb solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.24.  P solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.25.  SO4 solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.26.  Sr solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.27.  V solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.28.  Zn solubility prediction and phase partitioning for BA. ((a) NA (b) Carb) 
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Figure C.29.  Al solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
2 4 6 8 10 12 14
pH
 B
a 
(m
ol
/L
)
Non-aged measured
Non-Aged predicted
Aged measured
Aged predicted
Aged predicted from non-aged
-2
-1
0
1
2
2 4 6 8 10 12 14
pH
Re
si
du
al
 B
a
Non-aged prediction
Aged prediction
Aged prediction from non-aged
 
a)
Partitioning liquid and solid phase, [Ba+2]
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
Co
nc
en
tra
tio
n 
(m
ol
/l)
Free DOC-bound POM-bound
FeOxide Clay Ba[SCr]O4[96%SO4]
b)
Partitioning liquid and solid phase, [Ba+2]
1.000E-08
1.000E-07
1.000E-06
1.000E-05
1.000E-04
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
C
on
ce
nt
ra
tio
n 
(m
ol
/l)
Free DOC-bound POM-bound FeOxide Clay BaSrSO4[50%Ba] Barite
 
Figure C.30.  Ba solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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Figure C.31.  Ca solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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Figure C.32.  Cd solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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Figure C.33.  Cu solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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Figure C.34.  Fe solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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Figure C.35.  Mg solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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Figure C.36.  Pb solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
 278
 1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
2 4 6 8 10 12 14
pH
 S
O
4 
(m
ol
/L
)
Non-aged measured
Non-Aged predicted
Aged measured
Aged predicted
Aged predicted from non-aged
-3
-2
-1
0
1
2
3
4
2 4 6 8 10 12 14
pH
R
es
id
ua
l S
O
4 
Non-aged prediction
Aged prediction
Aged prediction from non-aged
 
a)
Partitioning liquid and solid phase, [SO4-2]
1.000E-14
1.000E-12
1.000E-10
1.000E-08
1.000E-06
1.000E-04
1.000E-02
1.000E+00
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
Co
nc
en
tra
tio
n 
(m
ol
/l)
Free DOC-bound POM-bound
FeOxide Clay Ba[SCr]O4[96%SO4]
b)
Partitioning liquid and solid phase, [SO4-2]
1.000E-03
1.000E-02
1.000E-01
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
C
o
n
ce
n
tr
at
io
n
 (
m
o
l/
l)
Free DOC-bound POM-bound FeOxide
Clay BaSrSO4[50%Ba] Barite Anhydrite
 
Figure C.37.  SO4 solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
2 4 6 8 10 12 14
pH
 S
r (
m
ol
/L
)
Non-aged measured
Non-Aged predicted
Aged measured
Aged predicted
Aged predicted from non-aged
-2
-1
0
1
2
2 4 6 8 10 12 14
pH
R
es
id
ua
l S
r
Non-aged prediction
Aged prediction
Aged prediction from non-aged
 
a)
Partitioning liquid and solid phase, [Sr+2]
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
Co
nc
en
tra
tio
n 
(m
ol
/l)
Free DOC-bound POM-bound FeOxide Clay Strontianite
b)
Partitioning liquid and solid phase, [Sr+2]
1.000E-05
1.000E-04
1.000E-03
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
C
o
n
ce
n
tr
at
io
n
 (
m
o
l/
l)
Free DOC-bound POM-bound FeOxide Clay BaSrSO4[50%Ba] Strontianite
 
Figure C.38.  Sr solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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Figure C.39.  Zn solubility prediction and phase partitioning for LFC. ((a) NA (b) Carb) 
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 APPENDIX D 
 
MINERAL TABLE 
 
Table D.1.  Table of minerals considered for geochemical speciation modeling. 
Mineral name Chemical formula 
Albite NaAlSi3O8
Alunite KAl3(SO4)2(OH)6
Anglesite PbSO4
Anhydrite Ca(SO4) 
Anorthite CaAl2Si2O8 
Antlerite Cu3(SO4)(OH)4
Atacamite Cu2Cl(OH)3
Barite Ba(SO4) 
Birnessite Na4Mn14O27·9H2O 
Bixbyite (Mn,Fe)2O3
Boehmite AlO(OH) 
Brucite Mg(OH)2
Bunsenite NiO 
Calcite CaCO3
Carnotite K2(UO2)2(VO4)2·3(H2O) 
Celestite (Celestine) Sr(SO4) 
Cerrusite PbCO3
Chalcedony SiO2
Corkite PbFe3+3(PO4)(SO4)(OH)6
Cristobalite SiO2
CSH Calcium-silicate-hydrate 
Diaspore AlO(OH) 
Diopside CaMg(Si2O6) 
Dioptase CuSiO2(OH)2
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 Dolomite CaMg(CO3)2
Ettringite Ca6Al2(SO4)3(OH)12·26(H2O) 
Fluorite CaF2
Goethite Fe3+O(OH) 
Gibbsite Al(OH)3
Gypsum Ca(SO4)·2(H2O) 
Hausmannite Mn3O4
Hercynite Fe2+Al2O4
Hilgenstockite Ca4P2O9
Hydromagnesite Mg5(CO3)4(OH)2·4(H2O) 
Jarosite KFe3+3(SO4)2(OH)6
Kalsilite KAlSiO4
Kaolinite Al2Si2O5(OH)4
Langite Cu4(SO4)(OH)6·2(H2O) 
Laumontite CaAl2Si4O12·4(H2O) 
Magnesite Mg(CO3) 
Malachite Cu2(CO3)(OH)2
Manganite Mn3+O(OH) 
Mg-Ferrite (Magnesioferrite) MgFe3+2O4
Montmorillonite Na0.2Ca0.1Al2Si4O10(OH)2(H2O)10
Muscovite KAl3Si3O10(OH)1.8F0.2
Ca-Olivine (Calcio-Olivine) Ca2SiO4
Otavite Cd(CO3) 
Periclase MgO 
Plattnerite PbO2
Portlandite Ca(OH)2
Pyrolusite Mn4+O2
Rhodochrosite Mn2+(CO3) 
Sepiolite Mg4Si6O15(OH)2·6(H2O) 
Spinel MgAl2O4
Strengite Fe3+(PO4)·2(H2O) 
Strontianite Sr(CO3) 
 282
 α-TCP, β-TCP, OCP Tricalcium phosphate, ortocalcium 
phosphate 
Tenorite CuO 
Tsumebite Pb2Cu(PO4)(SO4)OH 
Tyuyamunite Ca(UO2)2(VO4)2·6(H2O) 
Wairakite CaAl2Si4O12·2(H2O) 
Willemite Zn2(SiO4) 
Wollastonite CaSiO3
Zincate Zn(OH)2
Zincite (Zn,Mn)O 
Zn (Mn,Fe)O 
Zn5(CO3)2(OH) - (hydrozincite) 
 
Mineralogy Database:  http://www.webmineral.com/ 
The Mineral Database:  http://www.mindat.org/ 
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